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Coralline algae are globally abundant components of benthic habitats and play foundational roles 
in coastal ecosystems such as temperate kelp forests and coral or rocky reefs, where they are often 
the dominant substrate cover. The emerging understanding of the sensitivity of coralline algae to 
ocean acidification (OA) has emphasised the need to determine the natural variability of parameters 
that could influence growth and reproduction of coralline algae in situ to improve experimentation 
as well as predictions of climate change outcomes for this group.  
To identify spatiotemporal variability of seawater pH inside a Macrocystis pyrifera kelp forest, typical 
for southern New Zealand with high coralline algae cover, long term (> 1 year) pH, irradiance and 
temperature data were collected. Seawater pH was highly variable (pHT 7.45–8.49) and exhibited 
strong diel and seasonal differences that were associated with metabolic activity of the surrounding 
macroalgal community and linked to peaks of photosynthesis and respiration. These results show 
that coralline algae inhabit a highly variable environment, with occasional pH minima lower than 
end of the century predictions for the open ocean. Coralline recruitment peaked between late 
autumn and winter, when irradiance reaching the benthic communities was up to 85 % lower than 
during the summer months.  
Despite the ecological importance of coralline algae in low light environments and their 
vulnerability to OA, there is limited understanding of how the interplay between irradiance and 
seawater pH influences coralline growth and reproduction. To determine these impacts, a 212-day 
experiment exposed coralline communities growing on artificial substrates to two pH levels (pHT 
8.05 – present-day/ pHT 7.65 – OA scenario) and a gradient of daily light dose (0.35, 0.17 and 0.1 
mol m-2 d-1), based on the light environment typical at depth during the months of peak 
recruitment. Coralline growth was highest in the intermediate irradiance treatments and growth 
was reduced in response to lowered seawater pH with net dissolution occurring in the lowest light 
treatments, while communities in the pHT 8.05 conditions continued to grow. Furthermore, 
recruitment resulting from these communities in the OA treatment was reduced by more than half. 
The reduction in recruitment in response to OA was amplified under reduced irradiance, and 
recruitment was near zero in the lowest light treatment at pHT 7.65. The decline in growth and 
recruitment was attributed to limited capacity to counteract the energetically costly OA induced 
dissolution. This shows that coralline communities may be increasingly at risk from OA in habitats 





It has been proposed that habitats of reduced water flow may act as refuges for coralline algae, due 
to the possibility to metabolically increase pH in the immediate surrounding of the tissue when 
water flow is reduced. In a 220-day experiment the combined impacts of three flow rates and two 
seawater pH treatments (pHT 8.05 – present day/ pHT 7.65 – OA scenario) on the growth and 
recruitment of coralline communities were examined. Under the present-day pH scenario, flow 
treatments had little effect, while in the OA-scenario flow-dependent responses were evident. 
While growth of coralline communities was heavily reduced in the lowest flow treatment, coralline 
growth did not exhibit the same decrease in response to decreased seawater pH in the two higher 
flow treatments. Furthermore, lowered seawater pH and reduced flow synergistically decreased the 
number of recruits successfully establishing in the treatments. Reductions in flow exacerbated 
rather than ameliorate the effects of OA on coralline algae.  
These results show that irradiance and water flow can exert strong influences on coralline algae 














“…man darf nie an die ganze Straße denken, verstehst du? Man muss nur an den nächsten 
Schritt denken, an den nächsten Atemzug, an den nächsten Besenstrich. (…) Dann macht es 
Freude; das ist wichtig, dann macht man seine Sache gut. “– Michael Ende aus Momo 
 
“…one should never think of the whole street, do you understand? Only think of the next step 
ahead, your next breath and the next stroke of your broom. (…) that’s how it continues to be fun 
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Figure 1.1: This image depicts a part of the Kaikoura coastline one year after the 2016 earthquake, where 
the resulting coastal deformation caused an uplift of up to 7.5 m exposing previously subtidal habitats (Clark 
et al. 2017). Coralline cover bleached and died off after exposure and is visible as the white cover on the 
boulders. Image Credit: Tim Moser  




1.1 Description and distribution of coralline algae 
Coralline algae are a group of calcifying algae of distinct red to pink colour, which taxonomically 
belong to the Rhodophyta (Harvey et al. 2005), sub-class Corallinophycidae (Le Gall and Saunders 
2007). Crustose growth forms, together with geniculate coralline algae and rhodoliths are 
characterised by the incorporation of extracellular calcium carbonate, the geniculate or articulate 
coralline algae form erect, branching tufts. This growth form is possible through non-calcified 
thallus segments (genicula) of the thallus, whereas the completely calcified crustose coralline algae 
(or non-geniculate coralline algae) grow over hard substrate, and rhodoliths (or maerl) are a free-
living growth form and not attached to a substrate.  
Coralline algae are found in almost every near-shore marine habitat (Adey & Macintyre 1973, Littler 
et al. 1985, Steneck 1986) and one species has been reported in the Cetina River,  Croatia, that is 
fully adapted to fresh water (Žuljević et al. 2016). While coralline crusts are among the first 
colonizers of newly available substrates (Adey and Vassar 1975a; Kendrick 1991), they are 
considered to be competitively subordinate to other fast-growing macroalgae (Dethier, 1994; 
Steneck & Dethier, 1994, but also Padilla, 1984). Owing to this it has been thought that coralline 
algae depend on high levels of disturbance or herbivory to reduce and avoid overgrowth (Steneck 
1985, 1986; Steneck and Dethier 1994).  
Despite their slow growth, coralline algae are major components of hard-substrate coastal 
environments in the euphotic zone such as coral reefs (Adey and Vassar 1975a), some Arctic and 
Antarctic environments (Zaneveld and Sanford 1980; Roberts et al. 2002; Harvey et al. 2005; Adey 
et al. 2013), and temperate rocky shores (Adey 1964, 1965; Daume et al. 1999a). High abundance 
of coralline algae can also be found in benthic habitats in the form of rhodolith beds on soft 
sediments or on cobble and shell surfaces (Foster 2001). 
In addition to their wide latitudinal distribution, coralline algae extend over large depth ranges from 
the intertidal zone down to the lower end of the euphotic zone (Adey and Macintyre 1973; Roberts 
et al. 2002) with a depth record of  268 m (Littler et al. 1985). Coralline algae can be considered 
low light adapted (Burdett et al. 2012), despite inhabiting a wide range of habitats including the 
sunlit intertidal (Steneck 1986), and they are able to maintain growth under as little as 0.0005 % of 
incident surface irradiance (Littler et al. 1985). Not only can they persist where other macroalgae 
are less abundant due to light limitation, but they are resilient to a variety of environmental 
disturbances such as intense wave action (Adey and Vassar 1975a), grazing (Steneck 1985), and 
sand scouring (Kendrick 1991; Vaselli et al. 2008).  It has even been speculated that these 




environmental disturbances may help to reduce surface fouling and overgrowth by other 
macroalgae (Steneck and Dethier 1994). 
1.2 Ecological importance of coralline algae 
While coralline growth is considered to be slow and vertical growth in crustose corallines ranges 
between 0.3–20 mm yr-1 (Steneck 1986), their lateral extension can range between 0–10 mm yr-1 
(McCoy and Kamenos 2015), but > 10 mm d-1 in culture (Cornwall et al. 2020). Crustose coralline 
algae communities have a distinct succession, the speed of which depends on the temperature, 
nutrient and light conditions (Steneck 1986). Typically, thicker, slower growing crusts replace 
earlier thinner species over the course of decades in the cold subantarctic waters, years in temperate 
waters or months in the tropics (Steneck 1986). Due to their abundance and geographic 
distribution, coralline algae contribute significantly to total marine primary production (Roberts et 
al. 2002) with an estimated median production of 329 g C m-2 yr-1 (Van Der Heijden and Kamenos 
2015). Ecosystems with a similar rate of primary production are salt marshes, seagrass meadows 
and mangroves (Duarte 2017). Furthermore, coralline algae contribute significantly to global 
coastal carbonate production,  e.g. > 40 % of the total marine carbonate production (Gattuso et 
al. 1998), and export carbonate sediments to adjacent ecosystems (Milliman 1993).  Despite the 
fact that the contribution of algal calcification has been mostly overlooked in the past (Lee and 
Carpenter 2001, but see van der Heijden and Kamenos 2015), coralline algae are important for the 
global carbon cycle (Nelson 2009). The contribution of macroalgae to burial and sequestration of 
carbon, also referred to as blue carbon, has attracted interest from a scientific as well as a 
management perspective (Doropoulos et al. 2012; Hettinger et al. 2012; Krause-Jensen et al. 2018). 
Owing to the fact that coralline algae produce an estimated 1.8 x 109 t CaCO3 yr
-1 (Van Der Heijden 
and Kamenos 2015), their role in long-term carbon storage may be substantial, albeit understudied 
and debated (Trevathan-Tackett et al. 2015; Macreadie et al. 2017).  
Coralline algae are important components of reef systems where they consolidate structures and 
sediments (Adey 1965). Their resistance to wave action and storm events allows them to form 
protective algal ridges and their ability to stabilise loose structures has been related to atoll, barrier 
and fringing reef formation (Blanchon et al. 1997; Adey 1998; Payri and Cabioch 2004). Through 
their structural complexity coralline algae support a high diversity of burrowing and grazing 
invertebrates (Chenelot et al. 2011; Adey et al. 2013; Ordoñez et al. 2017). They can act as 
ecosystem engineers (Jones et al. 1994; Daleo et al. 2006) and support high levels of biodiversity in 
seaweeds, invertebrates and juvenile fish (Steller et al. 2003; Hinojosa-Arango and Riosèmena-
Rodríguez 2004; Harvey et al. 2005; Chenelot et al. 2011; Neill et al. 2015). Additionally, rhodoliths 




act as endolithic reservoirs and seedbanks for dinoflagellates, micro- and  macroalgae (Krayesky-
Self et al. 2017; Fredericq et al. 2019). 
Coralline algae and their surface biofilms have been found to be positively associated with larval 
settlement and metamorphosis of invertebrates (Rodriguez et al. 1993). In tropical reefs the coral-
coralline interaction has been well studied (Morse and Morse 1991; Morse et al. 1996; Steinberg 
and De Nys 2002; Nelson 2009), but the links between the coral, coralline and biofilm interactions 
and the chemical identity of the settlement cues are still not fully understood (Steinberg and De 
Nys 2002; Tebben et al. 2015). This interaction can be specific to certain species of coralline algae 
(Morse and Morse 1991; Harrington et al. 2004) and coralline cover can be obligate for successful 
metamorphosis of some corals (Morse et al. 1996). Furthermore, enhanced settlement and survival 
of sea urchin (Pearce and Scheibling 1990), sponge (Whalan et al. 2012) and abalone (Daume et al. 
1999b; Roberts 2001), as well as other invertebrate larvae have been demonstrated (Figure 1.2). 
While coralline algae support a high diversity of organisms, they also employ a multitude of intrinsic 
and extrinsic antifouling strategies to ensure their fitness and survival. Some coralline algae produce 
chemical compounds that act allelopathically (Kim et al. 2004; Luyen et al. 2009), others slough 
their surface cell layers to remove epiphytes (Keats et al. 1997). Epiphytic organisms on coralline 
algae are reduced through wave impact, grazing pressure or as a consequence of growth in dim 
environments (Steneck 1985, 1986). The degree and combination of the antifouling mechanisms 
employed not only depend on the coralline algal species but also on the identity of its epiphyte 
(Devlin and Nagahama 2002; Villas-Bôas and Figueiredo 2004; Gomez-Lemos and Diaz-Pulido 
2017). However, it has been observed that crustose coralline algae can live, grow, reproduce 
(Airoldi 2000) and recover (Figueiredo et al. 2000) from disturbance underneath dense turfs. 
  





Figure 1.2: (A) Haliotis iris larva post settlement (white arrow) on thin crustose coralline algae cover with 
young conceptacles. Image was taken during a settlement experiment conducted in conjunction with 
experiments from Chapter 5. Details can be found in Appendix 5 (B) tropical crustose coralline algae with 
two coral recruits on surface (black arrows).  
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1.3 Importance as a climate archive 
Calcifying marine organisms can be used as archives and/ or proxies of past environmental 
conditions based on physical or chemical signals within their skeletal material. The wide latitudinal 
and depth distribution (Adey and Macintyre 1973), the presence of annual and interannual growth 
increments (Kamenos et al. 2008), longevity (Frantz et al. 2005) and their presence in sediments 
(Milliman 1993; Bassi et al. 2009) make coralline algae valuable proxies for a multitude of 
environmental factors of the past (see Kamenos et al., 2017 for a review). Sea surface, in situ and 
air temperatures of the past have been assessed through the magnesium (Chave and Wheeler 1965) 
and lithium (Caragnano et al. 2014) content deposited in the calcite structures, growth band 
information (Kamenos et al. 2008), calcification ratios (Kamenos and Law 2010), and skeletal 
oxygen isotope composition (Halfar et al. 2008). Salinity changes due to up-welling (Caragnano et 
al. 2014) and changes in freshwater runoff (Chan et al. 2011) and riverine input (McCulloch et al. 
2003) have been correlated with skeletal barium content. Furthermore, cloud cover, dissolved 
inorganic carbon concentrations (Ritson-Williams et al. 2010) and sea ice extent (Halfar et al. 2013) 
among other environmental conditions have been reconstructed from coralline records.  
 
1.4 Vulnerability  
Coralline algae are important components of the world’s shallow water coastal regions (Steneck 
1986). The worlds’ coasts are among the most densely inhabited systems on earth (Small and 
Nicholls 2003) and therefore coralline algae are exposed to a multitude of global and local threats 
with direct and indirect impacts on organisms, habitats and ecosystems. While direct impacts from 
human activities can be detrimental to coralline health and survival, these are limited to a local 
scale. Global impacts arising from increased atmospheric carbon dioxide concentrations, can lead 
to an array of climate change related issues in the marine environment and threaten coralline algae 
on a whole new level. The intergovernmental panel on climate change (IPCC) has projected 
atmospheric CO2 concentrations to reach 1,000 ppm by 2100 (Stocker, 2014) under the 
representative concentration pathway (RCP) 8.5 ‘business as usual’ emissions scenario. The two 
main global threats to the marine environment arising from this are ocean warming and ocean 
acidification, which will be discussed in the sections below. Other threats encompassing increased 
storm events, terrestrial run off, freshening of seawater, and sea level rise will not be discussed here 
as there is limited information available on which to evaluate the probable outcomes of these 
predicted future issues for coralline algae.  




1.4.1 Global stressors: Ocean acidification 
1.4.1.1 Chemical processes in the water column  
Since the industrial revolution, anthropogenic activities such as burning of fossil fuels, land use 
change and agricultural activities emit increasing amounts of atmospheric carbon dioxide (CO2) to 
the atmosphere. The unprecedented release of CO2 into the atmosphere has reached an estimated 
maximum CO2 release of 36.8 ± 1.8 Gt yr
-1 (Friedlingstein et al. 2019) and an atmospheric 
concentration of 414 ppm (May 2020, Scripps Institution of Oceanography / University of 
California SD 2013). The present atmospheric CO2 concentrations are higher than at any point in 
the past 800,000 years (Lüthi et al. 2008). Prediction for the year 2100 vary, dependent on the 
emission scenario, with an estimated CO2 concentration of 1,000 ppm by 2100 under the 
Intergovernmental Panel on Climate Change (IPCC) RCP 8.5 (“business as usual”) scenario.  
 
A third of the annual carbon emissions is taken up by the oceans (Sabine et al. 2004) where the 
partial pressure of CO2 (pCO2) increases and the carbon chemistry is altered in a process known as 
ocean acidification (OA). It is estimated that the pH of the open ocean has dropped by 0.1 units 
since the start of the industrial revolution (Hoegh-Guldberg et al. 2014) and it is predicted to drop 
another 0.28–0.32 pH units by the end of the century (Bindoff et al. 2019). The uptake of CO2 
results in dissolution of CO2 in seawater where it acts as a weak acid and changes the carbonate 
chemistry through the following equation: 
 
 𝐶𝑂2(𝑎𝑡𝑚𝑜𝑠)  ⇋  𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 ⇋  𝐻𝐶𝑂3
− + 𝐻+  ⇋  𝐶𝑂3
2− + 𝐻+ Eq.1 
 
With increasing CO2 (aq) the availability of bicarbonate ions [HCO3
-], dissolved inorganic carbon 
(DIC) and the amount of free H+ ions are increased, resulting in a reduction of the seawater pH, 
carbonate ion concentration [CO3
2-] and the saturation state of the three most important carbonate 
minerals (Figure 1.3).  Measuring pH, precisely the concentration of H+ ions, is difficult because 
they may form associations with other constituents (e.g. CO3−, F−, SO4
2−) and ion activities cannot 
be measured unambiguously (Marion et al. 2011), which becomes particularly difficult when dealing 
with complex matrices such as seawater. There are several different scales available for seawater 
pH measures, such as the National Bureau of Standards (pHNBS), seawater (pHseawater), free (pHF) 
and the total (pHT) scale and conversion between scales is complicated. Throughout this thesis pH 
will be reported on the total scale, unless denoted otherwise, following recommendations by the 
best practice guide for ocean CO2 measurement (Dickson et al. 2007; Riebesell et al. 2010). 






1.4.1.2 Ocean acidification and biotic processes 
During photosynthesis DIC in the form of either CO2 or HCO3
-
 is taken up and this increases pH 
at the tissue surface, while calcification and respiration both decrease pH (Hurd et al. 2009; 
Cornwall et al. 2013a, 2014). This metabolically increased pH in the immediate surrounding of the 
coralline thallus could benefit calcification in the light, however physical processes such as seawater 
velocity control the magnitude of these pH changes (Cornwall et al. 2013a), ultimately impacting 
calcification. Calcified structures directly exposed to seawater are vulnerable to dissolution in water 
that is undersaturated with respect to CO3
2−
.  When the concentration of H
+ increases, carbonate 
ions combine to form HCO3
- so the chemical equilibrium is maintained. As a result, the 
concentration of carbonate ions is reduced and this imbalance in the following reaction increases 
the likelihood of dissolution of CaCO3 structures:  
 𝐶𝑂2 + 𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 ⇋ 2 HCO3
− + 𝐶𝑎2
+
 Eq. 2 
 
The thermodynamic potential of a mineral to form or dissolve is measured by its saturation state 
(Ω). The saturation state for CaCO3 is a product of the concentrations of the calcium and carbonate 
ions divided by the stoichiometric solubility product of these ions, which varies with salinity, 
pressure/depth, and temperature.  Where Ω is > 1 the water is supersaturated with the respective 
mineral thus thermodynamically mineralisation is favoured, and where it is < 1 it is undersaturated 
and theoretically dissolution occurs. The predicted decrease in the CO3
2− concentration would lead 
to decreased Ω and shallowing of the dissolution horizons (depth at which Ω is < 1 due to pressure, 
temperature, and salinity). This thermodynamic view on mineralisation and dissolution, does not 
account for calcification and dissolution processes that are physically separated from the 
surrounding seawater, such as primary calcification in coralline algae (Adey et al. 2013). However, 
skeletal calcium carbonate exposed directly to seawater is prone to dissolution under such 
circumstances (Martin and Gattuso 2009). 
Furthermore, CaCO3 can occur in variable polymorphs. Two of the more common forms are 
calcite and aragonite, with aragonite having higher solubility. Calcite can also have different 
amounts of Ca2+ ions substituted by Mg2+, and the more Mg2+ is contained in the crystal lattice, the 
higher the solubility. Therefore, organisms that build their structures from high-Mg calcite, such as 
crustose coralline algae, or from aragonite are more vulnerable to dissolution. 
 







Figure 1.3: (A) Up-take of atmospheric CO2 leads to the formation of carbonic acid, which dissociates into 
hydrogen, bicarbonate and carbonate ions (adapted from NOAA, www.noaa.gov/education/ 
resource-collections/ocean-coasts/ocean-acidification). (B) Bjerrum plot indicating fractional contribution 
of different inorganic carbon species in relation to seawater pH at salinity of 35 and a temperature of 25ºC 
(adapted from Ridgwell and Zeebe 2005).  
  




1.4.1.3 Ocean acidification effects on coralline algae  
The effects of OA on coralline algae are complex as they can directly and indirectly alter 
physiological performance and competitive fitness of this important algal group. Photosynthesis 
provides the main source of energy for growth and calcification for coralline algae. Ocean 
acidification may support photosynthesis through increased DIC availability, potentially releasing 
coralline algae from carbon limitation (Larkum et al., 2003). In theory this may stimulate coralline 
photosynthesis, but the literature reports positive (Semesi et al. 2009; Noisette et al. 2013), negative  
(Gao and Zheng 2010; Martin et al. 2013a) as well as unchanged outcomes (Noisette et al. 2013; 
Cornwall et al. 2013b, 2014; Johnson et al. 2014). Table 1.1 gives an overview of results reported 
in the literature. The differences in the observed responses can be explained by several factors. 
Differences in treatment length, ranging from days (Gao and Zheng 2010) to a full year (Martin et 
al. 2013a), as well as the use of different pCO2 target levels are the most obvious sources of 
variation. Furthermore, the methods and variables used to estimate photosynthetic performance 
vary largely between studies and it has been observed that species may differ in their responses to 
OA (Noisette et al. 2013).   
While photosynthesis does not exhibit a univocal trend in response to OA, growth and calcification 
tend to be negatively impacted (but see: Martin and Gattuso 2009; Ries et al. 2009; Egilsdottir et 
al. 2013, see Table 1.1). At volcanic vent sites, where seawater pH is naturally reduced due to 
geological activity, reductions in overall coralline cover (Hall-Spencer et al. 2008; Fabricius et al. 
2011), as well as coralline recruitment (Porzio et al. 2013; Fabricius et al. 2015) compared to 
reference sites, have been observed. These findings are corroborated by laboratory studies that 
show reduced calcification (Cornwall et al. 2014, 2017a; Comeau et al. 2019) and growth (Kuffner 
et al. 2008) as well as changes in mineralogy (Ragazzola et al. 2016) and skeletal morphology 
(Ragazzola et al. 2012) and increased dissolution of exposed material (McClintock et al. 2009; Diaz-
Pulido et al. 2012).  
On top of direct negative impacts on coralline physiology, there is a host of indirect effects that 
could impact coralline communities in a future ocean.  Reductions in growth and recruitment have 
been associated with altered competitive interactions with faster growing, non-calcified algae 
(Kroeker et al. 2013b), filamentous turf algae (Short et al. 2014) and other coralline species (McCoy 
and Pfister 2014). Changes in mineralogy can increase susceptibility to grazing in the tropical 
coralline algae identified as Hydrolithon onkodes1 (Johnson and Carpenter 2012). Ocean acidification 
 
1 This species is now known as Porolithon onkodes, however the concept of this species has been reassessed using DNA 
based methods, revealing a species complex with > 20 species under this name (Gabrielson et al. 2018) 




induced changes in coralline algae have been associated with loss of habitat complexity indirectly 
reducing species diversity (Agostini et al. 2018) and reduced settlement success of coral larvae 
(Doropoulos et al. 2012; Webster et al. 2013).  
 
Modulation of ocean acidification effects by environmental paramters 
Ocean acidification does not occur in isolation and interactions with other biotic (Legrand et al. 
2019) and abiotic factors such as irradiance (Comeau et al. 2014a), water flow (Cornwall et al. 2014; 
Comeau et al. 2019) or temperature (Martin and Gattuso 2009; Diaz-Pulido et al. 2012, 2014) may 
modulate the response of coralline algae to OA. Table 1.1 summarises results published on some 
of the examined factors that may alter responses of coralline algae to OA.  
Irradiance 
Despite of its importance as diver of photosynthesis, light is a factor that is rarely discussed in the 
context of OA research on coralline algae. Coralline algae are known to be the deepest growing 
macrophytes (Littler et al. 1986), growing under as little as 0.01 % of incident surface irradiance 
(Spalding et al. 2017). Some species have even shown to maintain structural integrity for prolonged 
periods of darkness (Wilson et al. 2004; Adey et al. 2013). However, comparatively little is known 
about the effects of light limitation and/or the potential of light to modulate responses to other 
environmental stressors (but see: Martone et al. 2010; Comeau et al. 2014; Williamson et al. 2014; 
Dutra et al. 2016; Ordoñez et al. 2017).  
Water motion  
Water motion is a key factor for macroalgal productivity (Leigh et al. 1987; Hurd 2000) and 
metabolic processes such as photosynthesis and nutrient uptake are dependent on it to regulate the 
flux of substances to and from the tissue surfaces (Hurd 2000). However, few studies have focussed 
on the interactive effects of water flow and OA on coralline algal growth and calcification, and 
these studies have reported contrasting results. In the temperate coralline algae Arthrocardia 
corymbosa reduced water motion, lowered the susceptibility to OA (Cornwall et al. 2014). These 
findings support the hypothesis of slow flow habitats acting as a refuge for calcifiers under OA 
(Hurd, 2015) for this species. In contrast no ameliorating effects of reduced water velocity on 
growth was found in tropical and subtropical coral and coralline algae were found(Comeau et al. 
2014, 2019).  
 
This thesis, as outlined under section 1.4.3 will try, to explore how light and flow modulate the 
response of early successional crustose coralline algae communities of southern New Zealand. 































Table 1.1: On the following two pages: Summarised responses of coralline algal respiration, photosynthesis 
and calcification and recruitment to increased pCO2/ lowered seawater pH (pH↓/ pCO2↑), other examined 
covariables (Additional Factors) or in combination (Interaction). Crustose coralline algae (CCA), articulated 
coralline algae (ACA), rhodoliths (R); ↑, increase; ↓ decrease; ―, no effect; ∩, parabolic response; Method 
summarizes the parameters used to estimate photosynthesis: Rapid light curve (RLC), net production from 
O2 flux (Pn/O2), maximum photosynthetic rate (Pmax/O2), Growth and Calcification: weight changes (W), 
Calcification estimated from change in total alkalinity (AT), Area change (A).














1.4.2 Global stressors: Ocean warming  
Due to their mass and specific heat capacity, the global oceans are capable of removing excess heat 
from the atmosphere. It has been estimated that 93 % of the excess energy resulting from the 
increased greenhouse gas emissions since the 1970s (Hoegh-Guldberg et al. 2014) have been taken 
up. This has led to an observable net warming of the oceans, although the extent of this warming 
was dependent on the region and water mass (Levitus et al. 2000). In addition, the frequency and 
duration of marine heat waves has increased globally (IPCC: Abram et al. 2019). Ocean warming  
is connected to ecosystem level changes such as mass bleaching of coral reefs and poleward shifts 
of species ranges (Walther et al. 2002). This is also true for marine macrophytes, where range shifts 
(Wernberg et al. 2011) as well as local extinctions (Smale and Wernberg 2013; Thomsen et al. 2019) 
have been observed in relation to increasing seawater temperatures. While increasing seawater 
temperatures have been described as an extreme threat to many marine organisms, in coralline 
algae there is limited understanding the physiological and ecological effects of ocean warming. 
Even though coralline algae have received considerably less attention awareness is increasing. The 
impacts of increased temperature on corallines range from changes in reproduction (Adey 1973; 
Ordoñez et al. 2014; Rodríguez-Prieto 2016), photosynthesis and respiration (Martin et al. 2013b; 
Rodríguez-Prieto 2016; Vásquez-Elizondo and Enríquez 2016) to calcification and growth (Martin 
et al. 2013a; Comeau et al. 2016). Cornwall et al. (2019) reviewed a total of 36 studies on coralline 
calcification and ocean warming in their recent meta-analysis. Overall, the direction and magnitude 
of effects resulting from ocean warming on coralline calcification appear to be variable and tightly 
linked to the species studied and have considerable seasonal variation (Martin et al. 2013a; Comeau 
et al. 2016).  In their meta-analysis Cornwall et al. (2019) concluded that the effects of temperature 
on coralline calcification only manifests at > 5 °C above the respective ambient temperature, but 
that there is need to expand work on the impacts of heatwaves. This may make coralline 
calcification comparatively robust to the predicted average temperature increase of 2.73 °C by the 
year 2100 under  RCP 8.5 (Gattuso et al. 2015). Changes in growth and calcification in calcifying 
algae are tightly linked to photosynthesis and respiration. A link between increasing respiration in 
relation to elevated temperatures has been supported by multiple authors for different coralline 
algal species (Ichiki et al. 2000; Steller et al. 2003; Martin et al. 2013a). In contrast effects on 
photosynthesis are varied and both stimulation as well as depression of photosynthesis have been 
reported. Macroalgae can vary in their response to ocean warming with respect to their physiology 
and also to their life history stages (Matson and Edwards 2007), which are considerably less well 
understood in coralline algae.  Increased temperatures have been linked to premature spore release 




(Rodríguez-Prieto 2016), inhibition of reproduction (Adey 1973) and increased growth rates of 
sporelings (Ordoñez et al. 2017).  To better understand and predict how coralline algae may adapt 
or acclimatize over multiple generations, further research is needed.  
1.4.3 Local stressors: Nutrients, sediment loading and physical 
disturbance 
Land use change and the associated terrestrial run off increases sediment loading (Thrush et al. 
2004; Fabricius 2005), which can cause direct and indirect impacts on coralline algae. Scherner et 
al. (2013) associated decreasing cover of calcareous algae with increasing urbanisation in Brazil. In 
the Australian Great Barrier Reef, an inverse relationship between coralline algae abundance and 
sediment deposition has been observed (Fabricius and De’ath 2001). The increased amount of 
sediment loading has been related to reduced light availability and organism smothering ultimately 
leading to decreased  photosynthesis (Reynier et al. 2015; Bessell-Browne et al. 2017), survivorship 
and recruitment success (Steneck 1997; Fabricius and De’ath 2001; Magris and Ban 2019). Overall, 
effects of sediment on coralline algal metabolism are negative, however these appear to be species-
specific and dependant on grain size, frequency and length of burial (Harrington et al. 2005; Villas-
Bôas et al. 2014; Reynier et al. 2015). The slow growth rates of coralline algae make them vulnerable 
to local, physical disturbances, such as dredging or towing of fishing gear, from which they cannot 
recover quickly. Dredging for demersal species can have detrimental impacts on rhodolith 
assemblages via the physical disturbance and the resulting sediment suspension (Hall-Spencer and 
Moore 2000), as well as reducing structural complexity in rhodolith beds and thus their potential 
to support high faunal diversity (Kamenos et al. 2003). 
Additionally, increasing amounts of terrestrial run off lead to increased levels of nutrients and other 
pollutants in coastal waters (Fabricius 2005). The effects of nutrient addition on the physiology of 
coralline algae are variable and dependent on the nutrient combination, concentration and coralline 
species (Schubert et al. 2019). While some positive effects of increased nutrients have been found 
(Ichiki et al. 2000; Smith et al. 2001; Schubert et al. 2019), Björket al. (1995) observed a reduction 
in coralline algal cover at sewage outfalls in Tanzania attributed to elevated phosphate 
concentrations. Furthermore, negative effects of a herbicide, amplified by sediment addition have 








1.5 Thesis Objectives 
 
New Zealand harbours a rich diversity of coralline algae. Twist et al. (2019) found 77 species in the 
South Island of New Zealand and predicted the diversity of coralline algae in the region to be ca. 
99 species, with a total of 141 species country wide. Despite their diversity and importance in the 
region, only a few studies have examined OA effects on the coralline species of this region, with a 
focus on articulate species (McGraw et al. 2010; Cornwall et al. 2012, 2013a, b; Roleda et al. 2012; 
but: James et al. 2014). Coralline algae are foundational components of temperate rocky reef 
systems and omnipresent in kelp forests around the South Island (Shears and Babcock 2007; 
Hepburn et al. 2011). To increase our understanding of the potential effects of OA on CCA 
communities, this thesis has two main aims: 
(1)  To describe the light and pH environment in a kelp forest of southern New Zealand that 
has high coralline cover.  
(2) To determine how OA may affect established coralline communities from that area as well 
as their recruitment and how these responses may be shaped by irradiance (Chapter 3 and 
Chapter 4) or water flow (Chapter 5).  
 
A more detailed outline of the individual chapters follows below including a table listing author 
contributions (Table 1.2) and a visual guide to the thesis structure (Figure 1.4). 
  





Figure 1.4: Thesis Structure: Chapter 1 summarises current knowledge of the ecological importance and 
vulnerability of coralline algae to global and local stressors. Chapter 2 experimentally explores the seasonality 
of coralline recruitment and the spatiotemporal variability of pH at the field site. The information on in situ 
irradiance and pH minima was then used to design the subsequent experiments for Chapter 3, 4 and 5, and 
these findings are then synthesised in Chapter 6.   




1.6 Thesis Structure  
Chapter 1 – General introduction 
 
Coralline algae and their distribution are described, and an overview of their ecological importance 
is given. This is followed up by a review of the literature concerned with the vulnerability of 
coralline algae to a range of stressors such as ocean acidification. 
 
 
Chapter 2 – Spatiotemporal variability of seawater pH and irradiance in relation to 
seasonality of coralline recruitment 
 
In this chapter a detailed description of the study site is given. Over the course of two years, in situ 
pH was recorded inside a kelp forest at 2 m as well as at the edge of a kelp forest at 10 m. Seasonal 
patterns of coralline recruitment on artificial settlement substates were assessed over one year. The 
pH information in conjunction with other measured environmental parameters served to inform 
the subsequent experiments. This chapter also quantified the natural pH range occurring inside 
kelp forest in this area and put it into context with similar systems in other parts of the world.  
 
 
Chapter 3 – Effects of ocean acidification and reduced irradiance on growth and 
photosynthesis of established coralline algae communities  
 
The impact of OA and reduced irradiance on coralline algae from a southern New Zealand field 
site were examined. Artificial settlement substrates were deployed in a kelp forest typical for that 
region at two distinct depth zones (2 and 10 m) for ≈ 1.5 years to allow natural coralline 
communities to establish. These coralline communities were then cultivated in the laboratory for 
seven months at three low irradiance levels under two seawater pH conditions, simulating ambient 
and reduced seawater pH (OA) for seven months to test whether irradiance and seawater pH 








Chapter 4 – In a dimming ocean: Low irradiance amplifies negative effects of ocean 
acidification on recruitment of coralline algae communities 
 
The impacts of OA on recruitment of coralline communities under reduced irradiance were 
investigated. Despite their vulnerability to OA and importance in low light environments, there is 
limited understanding of how the interplay between irradiance and OA influences coralline 
reproduction and recruitment. Using information on irradiance and seasonality of coralline 
recruitment the impact of environmentally relevant irradiance levels in combination with reduced 
seawater pH were investigated over the course of 212 days.  This chapter has been submitted to 
Marine Ecology Progress Series (MEPS) and is currently under review (March 2021). 
 
Chapter 5 – Interactive effects of ocean acidification and water flow on growth and 
recruitment of coralline algal communities 
The role of water flow and OA on coralline communities was investigated. A previous study has 
supported the idea of reduced water flow acting as potential refuge from OA to an articulate 
coralline species from the same area (Cornwall et al. 2014). Three flow rates were combined with 
two pH levels to investigate the potential of reduce flow to ameliorate OA effects on growth, 
photosynthesis, and recruitment of early successional coralline communities from southern New 
Zealand. The communities grown in this experiment were further used to assess the potential for 
cascading effects and their ecological interaction with a commercially important abalone species 
(Haliotis iris) from this region. While this experiment was not part of this thesis it resulted in a joint 
publication (Espinel-Velasco et al. 2020) and the first page of this work can be found in 
Appendix 5.  
 
Chapter 6 – General Discussion 
Chapter six synthesises the findings of the preceding chapters and the implications of the research 
are discussed in a wider ecological context. Future directions for coralline algae research are 
identified, followed by some concluding remarks. 
  




Table 1.2: Summary of contributions for each chapter (AK = Anna Kluibenschedl, BT = Brenton Twist, 
CC = Christopher Cornwall, CH = Christopher Hepburn, HTN = Hang Thi Thuy Nguyen, KC = Kim 























 Spatiotemporal variability of seawater pH and 












Figure 2.1: View of the field site Te Awa Mokihi/ Butterfly Bay at the Huriawa Peninsula.  





Measuring and forecasting future changes of seawater pH and carbon parameter dynamics of open 
ocean systems is challenging (Falkowski et al. 2000), with similar predictions for highly productive 
coastal seas being even more difficult. The relationship of increasing atmospheric CO2 and the 
carbon chemistry in seawater at the oceans’ surface is complicated in coastal seas by freshwater and 
nutrient inputs (Blackford and Gilbert 2007; Howarth 2008), interactions between water and 
sediments (Taguchi and Fujiwara 2010) and higher levels of biological activity (Pauly and 
Christensen 1995; Middelburg et al. 2007; Wernberg et al. 2018), that together alter seawater 
chemistry spatially and temporally. Coastal ecosystems are often dominated by benthic activity 
(Gutiérrez et al. 2012) and exhibit distinct patterns of pH variability on diel and seasonal scales 
(Duarte 2013) that are further influenced by a combination of water mixing, tidal cycles and/or 
water residence time (Hofmann et al. 2011; Duarte et al. 2013). 
Compared to the open ocean, the strong variability of coastal seawater pH increases the time 
needed for long-term trends in pH to manifest and be detected (Turk et al. 2019).  Indeed, estimates 
for the time needed to detect long-term pH trends across a range of coastal sites around New 
Zealand range from 37 to 97 years (Vance et al. 2020). This underlines the need for long-term 
monitoring across multiple systems to gain a better understanding of spatiotemporal variability in 
seawater pH and the associated carbon chemistry, which in turn can also help to improve 
experimentation.  
As high-resolution monitoring of pH has become more accessible with the advancement and 
availability of technology (Seidel et al. 2008; Martz et al. 2010), the understanding of habitat-specific 
patterns has increased. For example, in studies of habitats dominated by benthic primary producers, 
distinct diel and seasonal variations in pH have been observed (Frieder et al. 2012; Cornwall et al. 
2013b; Kapsenberg and Hofmann 2016). The oscillations of pH on a diel scale are explained by 
the interplay of photosynthesis, calcification, and respiration and temperature. In the ocean, during 
the day CO2 is assimilated by photosynthesis and balanced by the release of CO2 through 
respiration and calcification processes (Bensoussan and Gattuso 2007). At night, increased 
respiration releases CO2 and reduces seawater pH (Bensoussan and Gattuso 2007). While seawater 
pH in many coastal systems exhibits a strong link to biotic control on a diel scale, seasonal patterns 
are ecosystem-dependent and arise from abiotic as well as biotic interactions. For example, in a 
subantarctic Fjord, seasonal patterns were tightly linked to photosynthetic activity on diel and 
seasonal scales (Krause-Jensen et al 2015), while in a temperate kelp forest off California, seasonal 




variability was attributed to thermal effects (Kapsenberg & Hoffmann 2016, Leinweber and Gruber 
2013). 
Within the coastal zones, coralline algae are abundant ecosystem engineers (Adey and Macintyre 
1973; Steneck 1986) that significantly contribute to benthic processes such as calcification and 
sediment export (Milliman 1993; Gattuso et al. 1998). In recent years this foundational algal group 
has received increased attention due to their vulnerability to ocean acidification (OA). Current 
projections assume a seawater pH decline of up to 0.32 units from the current mean of 8.07 (Jiang 
et al. 2019) to approximately pH 7.75 at the end of the century the intergovernmental panel on 
climate change (IPCC) RCP 8.5 (“business as usual”) scenario (Bindoff et al. 2019). In coralline 
algae, OA has been reported to decrease calcification and growth (Kuffner et al. 2008; Cornwall et 
al. 2014, 2017a; Comeau et al. 2019), lead to changes in photosynthesis (Gao and Zheng 2010; 
Noisette et al. 2013; Martin et al. 2013a), as well as competitive fitness (Kroeker et al. 2013b; McCoy 
and Pfister 2014). Considering their ecological importance and vulnerability to OA however, little 
is known about the potential impacts of OA on coralline algae recruitment (but see: Roleda et al. 
2015; Ordoñez et al. 2017; Guenther et al. 2018; Cornwall et al. 2020). Coralline algae are among 
the first organisms to colonize newly available substrate in many ecosystems (Adey and Vassar 
1975a; Konar and Foster 1992; Kroeker et al. 2013b; Fabricius et al. 2015).Their spores are 
comparatively big, non-motile, and negatively buoyant (Ngan and Price 1979; Steneck 1986), and 
exhibit high sinking rates (reviewed in Santelices 1990); thus they are thought to have a relatively 
short  dispersal range. Variations in the local environmental therefore are likely to have a significant 
impact on their recruitment. The persistence of coralline algal communities depends on the survival 
of their offspring and their capability to adapt and acclimatize to new conditions over multiple 
generations (Santelices 1990). To be able to better determine and predict such impacts of OA, there 




Most of the information on coralline recruitment patterns stems from studies on algal community 
successions, but there is little information about seasonality and the environmental conditions that 
the settling propagules encounter. The present study aims to describe the pH, temperature and 
light environment of a kelp forest, representative of southern New Zealand, where coralline algae 
are the dominant substrate cover. Here, patterns of coralline recruitment over the course of one 
year were examined in relation to the light environment at 2 m and 10 m (approximately the extent 




of large macroalgae within this region) (Shears and Babcock 2007; Hepburn et al. 2011). These two 
zones represent distinct macroalgal zones, both exhibiting high (~ 80 %) coralline cover. 
Furthermore, data on seawater pH measured in situ at these depths aim to provide insights into the 
natural range and variability of seawater pH at this site.  This information served to inform 
subsequent laboratory experiments, presented in this thesis (Chapter 3, Chapter 4 and Chapter 5).  
 
2.3 Methods 
2.3.1 Site description 
Te Awa Mokihi/ Butterfly Bay is located on Huriawa Peninsula (45° 38’ 26.98” S, 170° 40’ 37.08” 
E) on the south-east coast of the South Island of New Zealand. This site, on the Otago coast is 
located ≈ 50 km north of the city of Dunedin and is in the vicinity (< 1 km) of the mouth of the 
Waikouaiti River (Figure 2.2). The bay features a kelp forest formed by a Macrocystis pyrifera canopy 
growing on bedrock and boulders interspaced with sand. Macroalgal composition of this site is 
described in detail by Hepburn et al. (2011). At 2 m depth the reef structure is covered by an 
assemblage of mixed macroalgal stands typical for this area (Shears and Babcock 2007; Hepburn 
et al. 2011) comprised of mixed brown algae including Marginariella boryana, Carpophyllum flexuosum, 
Xiphophora gladiata and Cystophora retroflexa. At 10 m, the dominant algal species are Ecklonia radiata, 
Landsburgia quercifolia and mixed red algal assemblages (Hepburn et al. 2011; Pritchard et al. 2013; 
Desmond et al. 2015). At both depths, the reef structure is densely covered by crustose coralline 
algal assemblages and at 2 m geniculate coralline species are common (Hepburn et al. 2011; 
Pritchard et al. 2013; Desmond et al. 2015).  
 
2.3.2 In situ seawater pH measurements 
At 2 and 10 m depth, a permanent mooring was deployed, which consisted of a concrete 
foundation and wooden post with attachments for light, temperature, and pH sensors. Seawater 
pHT was measured and logged with SeaFET pH (Seabird Scientific) sensors, employing Honeywell 
Durafet technology (Martz et al. 2010). Temperature and salinity were measured using Microcat 
instruments (SeaBird Electronics, SBE37). Both sensors were mounted on the moorings to record 
pH on the total hydrogen scale (pHT), temperature (°C) and salinity every thirty minutes. SeaFET 
sensors were calibrated with Tris buffers, before and after each deployment prepared according to 
Dickson et al. (2007). At monthly intervals, water samples were taken for calibration (Hofmann et 
al. 2011) and the instruments were manually cleaned and inspected for signs of deterioration.  The 




water samples were taken in situ within 20 cm of the sensors using 1 L Schott bottles and 
temperature was recorded at the same time. Bottle samples were preserved using 0.05 % saturated 
solution of HgCl2 (Dickson et al. 2007) within 30 minutes of collection and stored in the dark. 
Samples were transported back to the NIWA / University of Otago Research Centre for 
Oceanography for analysis of total alkalinity (AT) and dissolved inorganic carbon (DIC). Sample 
analysis for AT was performed using a closed cell potentiometric titration, based on the SOP3a of 
Dickson et al. (2007). The accuracy of the method was estimated to be less than ± 2 µmol kg-1 
based on reference material provided by Andrew Dickson (Scripps Institution of Oceanography). 
DIC was analysed using coulometric titration of CO2 evolved after acid addition of a seawater 
sample following SOP 2 (Dickson et al. 2007). The accuracy of the method was estimated to be 
less than ± 1 µmol kg-1 based on reference material provided by Andrew Dickson (Scripps 
Institution of Oceanography). Using AT and DIC values, in situ temperature and salinity data 
collected at the sampling site, pHT was calculated using CO2Sys with the constants of Mehrbach et 
al. (1973) refitted by Dickson and Millero (1987). 
  






Figure 2.2: (A) Location of the study site Te Awa Mokihi/ Butterfly Bay at the Huriawa Peninsula (45° 38’ 
26.98” S, 170° 40’ 37.08” E). (B) Aerial image (Google Earth, 2020, earth.google.com), red dots mark 
locations of 2 and 10 m moorings and the green dot marks location of the mesh platforms for settlement 
plates. 
  




2.3.3 Recruitment counts 
Mesh platforms were installed within 20 m of the moorings at 2 m and 10 m. The mesh was 
mounted on a frame and placed on top of two heavy concrete blocks, elevating the platform ≈ 50 
cm above the substrate to minimise burial by sediment. Ten polyethylene plates (⌀ 48 mm) were 
mounted to the platforms parallel to the surface. At 10 m depth the mesh platform was lost in a 
storm two months after installation, thus, only recruitment information for 2 m is presented here.  
Settlement plates were exchanged at approximately one-month intervals. On removal plates were 
immediately wrapped in dry cloth to avoid any abrasion and stored in silica gel. Using a dissecting 
microscope, plates were examined for coralline recruits and counts the individual recruits were 
made on the whole plate. Counts were repeated three times for every plate and the count number 
averaged across the repeated counts.  
 
2.3.4 In situ irradiance and temperature 
Odyssey PAR loggers (Odyssey, Dataflow Systems Pty Ltd, Christchurch, New Zealand) were used 
to record Photosynthetically Active Radiation (PAR) every ten minutes at the surface (0 m), 2 and 
10 m depth. The surface loggers were mounted to a wooden post with stainless-steel hose clamps 
positioned ≈ 4 m above sea level (Nguyen 2019). Under water PAR loggers were attached to the 
mooring post with cable ties and positioned with the sensor facing up, parallel to the surface. 
Shaffer and Beaulieu (2012) showed Odyssey calibrations remain stable over time, thus Odyssey 
logger calibration was performed using the calibration curves from 13 calibration campaigns  fitted 
by Nguyen (2019). HOBO pendant Temperature/Light Data loggers (64k, Onset) were also 
deployed alongside the Odyssey PAR loggers to record light (Lux) and temperature (°C) logging at 
10-minute intervals. These loggers served as back-ups in case Odyssey data were not available.  
Light data were converted using the calibration reported by Desmond (2017, Chapter 2).  
When possible, the mooring and instruments were cleaned by SCUBA divers to avoid excessive 
fouling and overgrowth every month. Instruments were swapped at regular intervals, light and 
temperature sensors were left for a maximum of three months after which instruments were 
removed and batteries replaced (Pritchard et al. 2013).   
 
  




2.3.5 Data processing and analysis 
Daily quantum dose (mol m-2 d-1) was calculated by integrating the ten-minute readings over 24 h. 
Daily quantum dose was used for percent surface irradiance calculations for each depth as well as 
for the calculation of downwelling attenuation coefficient (Kd). The downwelling attenuation 













Whereby d1 and d2 the represent depth (either two of 0, 2 and 10 m), and Id1 and Id2 represent 
irradiance expressed as daily dose at the respective depths (where d2 > d1).  
The differences of settlement of coralline recruits between seasons was determined using a one-
way analysis of variance (ANOVA) followed by Tukey’s honest significant different (HSD) post-
hoc test with 95 % family-wise confidence level. The relationship between recruitment and monthly 
mean of temperature, salinity and daily light dose was analysed using linear regression analysis. 
Recruitment data were box-cox transformed to meet assumptions of normality before statistical 
analysis.  
The timings of sunrise and sunset at the study site were extracted using the R package suncalc 
(Thieurmel and Elmarhraoui 2019) to calculate average daytime PAR and seawater pH. Monthly 
pH data were grouped according to season: austral winter (June – August), spring (September – 
November), summer (December – February), and autumn (March – May). Smoothed plot lines for 
Figure 2.3, Figure 2.5 and Figure 2.6 were produced using smoothing splines with cross validation.  
Data collection for irradiance, pH, salinity, and temperature at 2 and 10 m depths was 
simultaneously undertaken between 5 June 2016 and 9 September 2017 (total of 465 days). In 
addition, pH, temperature, and salinity data at 2 m were available from 9 December 2015 to 14 
March 2018 (826 days) for a further description of pH variability across multiple years. 
Simultaneous measures of coralline recruitment, irradiance and temperature were undertaken 










2.4.1 In situ pH environment 
Between 5 June 2016 and 9 September 2017 (total of 465 days) 30,900 single observations of pH 
were recorded. At 2 m seawater pHT ranged between 7.45 and 8.49 with an average (± s.e.) of 8.08 
± 0.10. The daily pH measurements followed a diel pattern with the lowest measured pH coinciding 
with sunrise, then continuously increasing throughout the day. The highest measured pHT values 
in this cycle were 2–3 hours after solar noon, when irradiance peaked (Figure 2.5, Figure 2.7). There 
was also a strong seasonal signal, with highest daytime pHT values in spring (8.15 ± 0.14) and 
summer (8.13 ± 0.11) followed by winter (8.12 ± 0.07) and autumn (8.08 ± 0.09), night- and 
daytime averages are listed in Table 2.1. Lowest daytime values were found in spring and occurred 
during six separate days, during which the irradiance levels were low compared to days before and 
after.  
Spring and summer were also the seasons with the largest range of measured pH values and the 
most data spread (Figure 2.8). During the night hours mean pH was lower than during daytime 
(Figure 2.8), with lowest nighttime pH in autumn, followed by summer. The largest diel pH 
differences were exhibited in summer, being up to 0.8 units. Where tidal maxima coincided with 
the extreme points of diel variability a weak link with change in tide was visible (Appendix Figure 
A1.1). 
Overall, 395 single observations were made at this depth that were lower than a pH of 7.75 (1.3 % 
of all observations were lower than pH predictions for open ocean at end of the century), with 22 
observations lower than 7.65 on four separate days, all days in spring (< 0.1 % of all observations). 
On average, pH was lower than 8.07 (current estimated mean pH of the open ocean by Jiang et al. 
2019) for 61 % of the observations.  
At 10 m depth, pH ranged between 8.29 and 7.77 and averaged 8.03 ± 0.05, with no apparent diel 
pattern (Figure 2.5, Figure 2.6). When comparing pH over the time of day, no diel trend was 
distinguishable as it was for the 2 m depth and mean pH at 10 m was 0.05 units lower. Overall, pH 
also exhibited less variability compared to the 2 m depth on a seasonal level with highest mean pH 
in summer (8.06 ± 0.03) and lowest in autumn (8.02 ± 0.03) (Table 2.1). 
No apparent trends in relation to in situ sea temperature, salinity, or PAR for pH at 10 m were 
evident. Salinity was comparatively stable over the observation period at 2 and 10 m depth with an 
average of 34.5 ± 0.002 and 34.1 ± 0.002, respectively. Minimum salinity measured at 2 m was 26.4 
and 32.7 for the 10 m depth. 




Over the course of the two year observational period, pH at 2 m averaged 8.06 ± 0.11. Between 
the two years mean pH differed by 0.027 units with a slightly lower mean pH of 8.05 in 2015/2016. 
This is likely explained by higher variability and the 0.12 unit lower mean pH of the 2015/2016 













Figure 2.3: Previous Page: (A) pHT data from 2 m (left) and 10 m (right) depth plotted over time (5 June 
2016 to 9 September 2017, total of 465 days) The dotted line in the pH plot presents the current, estimated 
mean for surface oceans (Jiang et al. 2019). (B) temperature (°C), (C) salinity and (D) PAR (µmol m-2 s-1) 
measured at both depths for the same time frame.  Pale lines indicate the 10 min data, Black Lines were 





Figure 2.4: Box-whisker plot showing mean, 25 and 75 % quartiles (box), and 5 and 95 % quartiles (whiskers) 
of seawater pHT over the measuring period (465 days) during day- and nighttime for 2 and 10 m depth. 
Plots are surrounded by violon plots to show data distribution. Sample size for both depths  daytime = 









Figure 2.5: Environmental data from 2 m and 10 m depth over 5 days in spring (21–25 November 2016);  
dotted line in the pHT plot presents the current, estimated mean for surface oceans (Jiang et al. 2019). 
Lighter colour shades represent 2 m depth.  Tidal height was extracted from NIWA tide forecaster 
(https://tides.niwa.co.nz; accessed: 15 September 2010) and uses Astronomical Tide (LAT), calculated by 
using the lowest low tide in the next 19 years at that site. Super imposed black lines for pHT, Temperature, 
Salinity and PAR were produced using a smoothing spline. 





Figure 2.6: Environmental data from 2 m and 10 m depth over 5 days in winter (21–25 June 2017);  dotted 
line in the pHT plot presents the current, estimated mean for surface oceans (Jiang et al. 2019). Lighter 
colour shades represent 2 m depth.  Tidal hight was extracted from NIWA tide forecaster 
(https://tides.niwa.co.nz; accessed: 15 September 2010) and uses Astronomical Tide (LAT), calculated by 
using the lowest low tide in the next 19 years at that site. Super imposed black lines for pHT, Temperature, 
Salinity and PAR were produced using a smoothing spline. 














Table 2.2: Calculated mean (± s.d.) for the respective seasons for total alkalinity (AT, µmol kg-1), dissolved 
inorganic carbon (DIC, µmol kg-1), carbonate ion concentration (µmol kg-1), saturation of aragonite and 
calcite and how many measurements were made (Observ. NR). These values were measured, or calculated, 
from discrete bottle samples taken at 2 and 10 m depth between 05/06/2016 and 09/09/2017; Raw data 










Figure 2.7: Measured seawater pHT from 2 m and 10 m depth plotted against time of day (NZST) for spring 
(untypically low day-time values are highlighted in orange), summer, autumn and winter. Data were logged 
every 30 minutes and represent one year of measurements from June 2016 to May 2017 (365 days). Lines 
were fit using smoothing splines. In the last plot fitted smoothing spline lines for all four seasons were 
plotted together. The dotted line presents the current, estimated mean for surface oceans (Jiang et al. 2019).   





Figure 2.8: Split violin plots of pHT data recordings at 30 minute intervals for 2 and 10 m depth during the 
time of June 2016 and May 2017 (365 days). The top half of each plot shows cumulative daytime pH values 
and the bottom half the cumulative nighttime values spit by seasons. The vertical line indicates the current 
average open ocean pHT of 8.07.  




2.4.2 Seasonality of recruitment and associated environmental 
information 
Throughout the observation period (2018-2019) coralline recruitment at 2 m depth was variable, 
with a minimum of 0.05 (16 total) and a maximum 0.96 recruits cm-2 d-1 (505 total) on one 
settlement plate (Figure 2.9A). Significant differences in recruitment were found between the four 
seasons (F3,100 = 39.82, p < 0.001), with recruitment being higher in autumn and winter than in 
summer and winter months (Figure 2.10). The number of recruits settling was lowest in October 
and March (Austral spring/summer), whereas recruitment was highest between April and July 
(austral autumn/winter). Between June and July, the number of recruits settling per day was 4.6 
times higher than in January/February.  
Overall monthly recruitment showed a significant negative impact of mean light dose (F(1,014 = 25.8, 
p <0.001, and of temperature (F(1,014) = 61.6, p <0.001), but not salinity (F(1,014) = 0.21, p > 0.05) 
(Appendix Table A1.1). Overall, 41% of the variance were explained by these factors. The 
recruitment pattern exhibited the inverse pattern to irradiance and temperature (Figure 2.9 B/C), 
with recruitment peaking in June and July when temperatures averaged 9.3 °C and the daily dose 
at 2 m and 10 m equalled 3.01 ± 0.95 and 0.11 ± 0.11 mol m-2 d-1, respectively. 
  







Figure 2.9: (A) Seasonal recruitment at a southern New Zealand field site expressed as mean recruits (± s.e., 
n = 10) per day per cm2 during the period of 2018/19 (B) Daily Dose (Daily Light Dose) averaged to 
monthly interval (n ≈ 30 days) of recruitment collection at 0, 2 and 10 m. Points present mean ± s.e. (C) 











Figure 2.10: Box-whisker plot showing mean, 25 and 75 % quartiles (box), and 5 and 95 % quartiles 
(whiskers) of number of recruits settling per day, standardised to cm2 during the four seasons. Number of 
observations are given in inside the boxes and seasons sharing the same letters are not statistically significant 
from each other. Letters indicate significant differences at p < 0.05. 
 
  




In situ light environment 
Light was highly variable on a daily and seasonal basis in the summer months, both at the surface 
and at the 2 m depth. At 2 m depth, mean percent surface irradiance equalled 34 ± 24.6 %. In 
summer, percent surface irradiance averaged 65 % and this dropped to 21 % in autumn (Table 2.3). 
This corresponded well with an increase in the Kd from a minimum of 0.3 m
-1 (summer) to 
maximum of 1.04 m-1 (autumn). No measurable light was recorded for two days in April 2018 and 
a maximum of 34 mol m-2 d-1 was recorded on 24 December. During autumn and winter, light dose 
averaged 2.3 ± 0.23 and 3 ± 0.2 mol m-2 d-1. Highest daily doses were found in spring and summer 
with 2–3 times higher mean doses of 9.6 ± 0.78 and 13.5 ± 1.21 mol m-2 d-1 for spring and summer, 
respectively.  
At 10 m, the percent surface irradiance was reduced to 1.4 ± 3.5 % during the observation period, 
with lowest average percent surface irradiance in winter (Table 2.3). The downwelling attenuation 
coefficient (Kd) at this depth ranged between -0.002 and 1.3 m
-1, with a median Kd of 0.49 m
-1 and 
was similar across the measured seasons (within 0.05 units).  There was a total of 22 days with a 
daily dose < 0.0001 mol m-2 d-1. In the ten-day period of 20–30 November 2018 no light was 
recorded, and the associated Kd for that period at 2 m averaged 1.02 m
-1. Highest recorded daily 
doses were between 13 November and 15 November of 2.4–3.7 mol m-2 d-1. At 10 m depth 79 % 
of the days daily dose was lower than 0.5 mol m-2 d-1, 50 % lower than 0.35 mol m-2 d-1 and on 
21 % of the days lower than 0.01 (Figure 2.11) 
 
  





Table 2.3: Calculated seasonal values (mean ± s.e.) for daily light dose, PAR (average photon flux density 
between sunrise and sunset, µmol m-1 s-1), percent surface irradiance (% SI) and downwelling coefficient 
(Kd, m-1) for 2 m and 10 m depth between 17/04/2018 and 16/04/2019. At 10 m values for autumn were 
not calculated due to a logger malfunction between 17/04/2018 and 18/06/2018. n = 366 at 2 m and n = 








Figure 2.11: Frequency plot of daily light dose at 2 and 10 m depth. Daily light dose was calculated from 
10-minute PAR measurements at 2 m and 10 depth between 17/04/2018 and 16/04/2019. The vertical 
lines indicate 50 % (median) of data for 2 m (black) and 10 m (red).   n = 366 at 2 m and n = 269 at 10 m  
  





2.5 Discussion  
2.5.1 Seasonality of recruitment 
The bulk of the recruitment of coralline algae occurred during late autumn and winter. Local space 
availability or competitive interactions were unlikely to be main drivers for the observed patterns.  
Plates were replaced at monthly intervals, and no other organisms had settled in abundance 
throughout the observation period and cover on the examined plates was < 90 % as most of the 
measured recruits were < 1 mm in diameter (pers. observation). This is in accordance with studies 
from other areas that found coralline species to be the first macroscopic organisms to settle on 
newly available substrate (Adey and Vassar 1975a; Konar and Foster 1992; Kroeker et al. 2013b; 
Fabricius et al. 2015).  
Numbers of recruits found on the settlement plates in the winter months were four times higher 
than the summer, but the number of spores in the water column was not quantified.  Thus, the 
observed pattern could be a result of either seasonal availability of spores and/ or seasonal success 
in recruitment and growth. Winter fertility and spore release has been described for some northern 
hemisphere species, such as Lithophyllum incrustans (Edyvean and Moss 1984), Clathromorphum 
circumscriptum and Clathromorphum compactum (Adey 1965) as well as other coralline species found 
around Norway  (Adey 1971). Furthermore, Chamberlain (1987) found collection and successful 
growth of spores from four species of Pneophyllum from the British Isles to be most successful 
between August and October (northern autumn) than during other seasons. Jones and Woelkerling 
(1983) have found the epiphytically growing Fosliella cruciata from Victoria/ Australia, to be fertile 
around the year, but isolated tetraspores only to be viable between April and June (early austral 
winter). Together with the present findings these observations suggest that winter fertility could be 
a common trait across multiple temperate/ subpolar taxa including some coralline algae from 
southern New Zealand. How individual species time their reproduction throughout the year, and 
if the observed peak of reproduction in the winter months occurs in a range of species or is the 
result of a few dominant species with high spore output during that time, warrants further 
investigation using molecular tools to identify recruits at a higher taxonomic resolution.   
Several temperate coralline species exhibit saturation of photosynthesis and calcification or growth 
at light (Ichiki et al. 2000; Martin et al. 2006, 2013b; Egilsdottir et al. 2013) and temperature levels 
(Adey 1970; Ichiki et al. 2000) higher than those present at the study site in winter. While it is 
difficult to compare these values between species and regions, it is likely that the recruitment peak 
did not coincide with time of optimum growth. However, it does coincide with reductions in the 




abundance of many other macrophytes (Hepburn et al. 2011; Desmond et al. 2015) and their 
propagules (Schiel 1988).  As a result, this may influence  competition for space, understory light 
availability (Reed and Foster 1984; Gerard 1984; Desmond et al. 2015), and increase the successful 
establishment of newly arriving spores (Reed and Foster 1984). Furthermore, Nguyen et al. (2019) 
show that concentrations of nitrate in the water and tissues of some articulate and crustose coralline 
algae in this region are higher in the winter months. Nitrates are positively correlated with the 
production and size of reproductive structures in several laminarian species (Nimura et al. 2002), 
thus, there could be a variety of advantages for coralline algae, considered a slow growing, 
competitive subordinate algal group (Steneck 1986), to reproduce in winter. A complex interplay 
of abiotic and biotic factors determines the reproductive output in many macroalgae (reviewed in 
Bartsch et al. 2008) and it is likely that similar interactions shape fecundity and reproductive output 
in coralline algae. Recruitment patterns may also vary across different yeas and across the inhabited 
depth gradient (Konar and Foster 1992). Species overlap between depth strata at the study site may 
be small, as high coralline diversity was found within this region (Twist et al. 2019). Therefore, the 
observed patterns are likely a result of species composition typical for the 2 m depth and the 
experienced environment and may be different from the 10 m band. Further investigations on the 
range of these factors and their influence on species level will be needed to get a better 
understanding of the more detailed patterns behind the present observations.  
 
2.5.2 Spatiotemporal pH variability  
Observed daily fluctuations at 2 m depth, inside the kelp bed, were consistent with diel patterns of 
photosynthesis also observed in other kelp forests (Hofmann et a. 2011; Frieder et al. 2012; 
Kapsenberg and Hofmann 2016, Table 2.4). However, the maximum diel difference of up to 0.8 
units as well as the total measured pH range 7.45–8.49 was larger than reports for a kelp forest in 
the southern California Bight (Kapsenberg and Hofmann 2016), the La Jolla kelp forest (Hofmann 
et al. 2011; Frieder et al. 2012; Takeshita et al. 2015) and a kelp forest at the Santa Barbara Channel 
(Matson et al. 2011). The average pH as well as the maximum measure pH at 2 m depth at this site 
was considerably lower than previously reported (Cornwall et al. 2013b). This is likely due to the 
longer continuous measurement interval of this study - Cornwall et al. (2013) deployed their sensors 
for a maximum of five days during each season. Their instruments were also placed during periods 
of low swell and have likely recorded a period of high irradiance (pers. communications).  
The seasonal variation of up to 0.07 units (spring-autumn) was within the seasonal range of a kelp 
forest and an eelgrass bed in the southern California Bight (Kapsenberg and Hofmann 2016), and 




observations from a coral reef (Price et al. 2012) and higher than at a kelp forest in the north eastern 
pacific (Wootton et al. 2008), but was surpassed by seasonal variations of up to 0.3 units from kelp 
beds and filamentous algae in subarctic fjords (Krause-Jensen et al. 2015). The larger variation of 
pH between seasons, in the subarctic fjords was explained by the seasonal changes in stratification 
(Krause-Jensen et al. 2015). Krause-Jensen et al. (2015) however, did not include winter 
measurements and it is possible that these systems could exhibit even larger variations due to the 
pronounced changes in light availability at high latitudes.  
The most days with a mean pH lower than 8.07 occurred during summer and autumn. While in 
summer, the daytime pH remained well above 8.07, daytime pH in autumn was lower and night-
time pH values were lower for both seasons. During the night respiration is likely to be the driving 
force of the pH decline as there is no light for photosynthesis, and  CO2 (Bensoussan and Gattuso 
2007) is released, resulting in lowered seawater pH. Seasonality of biomass, with peak macroalgal 
biomass in spring and summer (Hepburn et al. 2011; Desmond et al. 2015) and decreasing biomass 
in autumn (Desmond et al. 2015) combined with reductions in light availability can lead to 
reductions in community photosynthesis. This aligns well with the observed reductions of pH 
maxima reached during the autumn days. Daytime respiration may also increase, as shown for 
Macrocystis pyrifera and understory algae at a reef in Santa Barbara, California (Miller et al. 2011). In 
addition, kelp beds support a diverse heterotrophic microbial community (Bengtsson et al. 2010, 
2012; Pfister et al. 2019) that may contribute to the biogeochemical effects of kelp forests on the 
surrounding seawater (Pfister et al. 2019). Kelp blades mature and erode progressively throughout 
the year (Hepburn et al. 2007) and kelp blade maturity correlates with higher microbial activity as 
well as abundance (Bengtsson et al. 2010, 2012). Further investigations on the individual 
contributions of decreasing photosynthesis and increasing daytime respiration of macroalgae and 
heterotrophic respiration may help to better understand the seasonal pH variability at this site. 
During spring a few extreme daytime values were observable, which were attributed to six 
individual days. However, the days before and after instruments were recording values typical for 
this season and the respective time of day and none of the other measurements made by the same 
instrument were out of the norm. These days all exhibited high turbidity, with 0.1–4% surface 
irradiance at 2 m and were preceded by high light days. Photosynthesis-dependent enhancement 
of respiratory O2 consumption after a period of high photosynthetic activity has been observed in 
microalgae and plants (Raghavendra et al. 1994). Despite these observations, measurement errors 
cannot be excluded, and it will be important to continue these measurements to test if these 
occurrences persist throughout time and season.  




It is likely that some level of stratification during times of low wave and wind driven mixing in 
summer decoupled these two depths as temperature differences of up to 5 °C were measured. The 
10 m depth also exhibited a layer of higher turbidity close to the bottom during most of the site 
visits (personal observations). Sampling at higher spatial resolution from the surface down to the 
benthos would help to shed light onto the impact of stratification on pH variability of these two 
depths. In the La Jolla kelp forest, pH decrease with depth during times of intense stratification 
(Frieder et al. 2012). The lower pH variability on a diel as well as a season scale at 10 m compared 
to the 2 m depth may be a result of metabolic control. In southern New Zealand rocky reef systems 
exhibit higher benthic algal biomass, density and species abundance at 2 m than at 10 m (Hepburn 
et al. 2011; Desmond et al. 2015; Twist et al. 2019 forthcoming). Not only is the biomass of primary 
producers reduced at depth, but also the amount of surface irradiance arriving at this depth is 
lower, with < 1–2 % during the observation period. Thus, it is likely that respiration and slowed 
DIC uptake has a considerable influence on the metabolic processes shaping the pH patterns at 














Table 2.4: On the following page: Summary Table of eight studies on temporal variations of seawater pH 
in biogenic habitats, including kelp forests, seagrass meadows, other algal dominated habitats, and coral 
reefs. Studies were arranged by habitat type. “Mean pH” classified as the average pH for the whole study 
period as reported in the referenced publication: “pH min” and “pH max” were the most extreme measures 
reported. “pH change max summarises the larges fluctuation (on any temporal scale): if studies included 
seasonal observations at any scale the differences between seasons were summarised in the column “pH 
seasonal change” and where given “pH diel Change” reports the average change over the course of one day. 
Where multiple sites were included in the study and no total averages were given, values are represented as 









Irradiance measures throughout the study period compared well to irradiance data for this site from 
previous years (Hepburn et al. 2011; Pritchard et al. 2013; Desmond et al. 2015). Desmond et al. 
(2015) compared sites along the Otago coastline with sites from areas with reduced anthropogenic 
modification and found reductions in irradiance of up to 50 % at this depth compared to more 
pristine coasts. For the majority of the year daily dose at 10 m was lower than the minimum 
compensation irradiance (Figure 2.11) estimate of 0.24 mol photons m−2 d−1 for benthic 
communities (Gattuso et al. 2006). Thus, further reductions in irradiance availability may have 
severe implications with the potential to reduce the depth limits of macroalgae at sites similar to 
the study site (Desmond et al. 2015). Coralline communities are generally considered well adapted 
to low light environment (Steneck 1986), but there is little understanding of photosynthetic 
minimum requirements for different coralline species around New Zealand. Furthermore, coralline 
algae have been shown to be highly vulnerable to OA (Kroeker et al. 2010), but to date there is a 
lack of information on impacts of this global stressor on coralline growth and recruitment under 
ecologically relevant irradiance levels such as those prevailing for large times of the year at this site.  
At 2 m salinity was generally lower than at 10 m (Figure 2.5, Figure 2.6), likely due to a stronger 
input of the Waikouaiti River at the surface. Salinity at 2 m did not exhibit large variations, with 
the exception of the days between 16–19 November 2017, when salinity at 2 m occasionally 
dropped to < 27 PSU at 2 m. Recordings from the Portobello Marine Laboratory in Dunedin, 50 
km south, noted > 80 mm of rain over this period, accompanied by strong winds. Seawater pH at 
the 2 m site remained stable throughout this period of rain. Carstensen and Duarte (2019) 
synthesised pH measurements of 83 coastal ecosystems and classified all systems with AT values 
> 1200 umol kg-1, such as the study site (Table 2.2), as well buffered. Thus, short term intrusions 
of fresh water seem unlikely to influence pH at this site and the larger pH variability observed 
during that period, is more likely the result of changes in metabolic activity. In the absence of 
alkalinity data this cannot be said with certainty, but overall the site did not exhibit pH patterns 
typical for fresh water-influenced systems, such as a site on the west coast of New Zealand (Vance 
et al. 2020).  
The lowest measured pH at 2 m exceeds predictions for the open ocean, with expected reductions 
of up to 0.32 pH units by 2100 under RCP 8.5 scenario (Bindoff et al. 2019) from the estimated, 
current global mean pH of 8.07 (Jiang et al. 2019). This may be one single extreme measurement, 
but in addition,  four days during the observation period exhibited pH values lower than to those 
commonly used in OA experimentation on corallines (compare Cornwall et al. 2013, 2014; Comeau 
et al. 2019, as well as in the following chapters) and > 1 % of all observations were in the range of 
end of the century predictions.  It remains unclear, how OA will affect coastal pH variability and 




the associated carbon chemistry, as it will not occur in isolation and ocean warming and changes 
in the global weather will also contribute to the emerging patterns (Duarte et al. 2013; Bindoff et 
al. 2019). Nevertheless, the present observations show that organisms, such as coralline algae, are 
already subjected to considerable pH fluctuations in natural environments. When examining non-
linear response curves such as growth or photosynthesis in response to light and light fluctuations 
a wide range of response has been found (Dromgoole 1988; Kroon et al. 1992; Wing and Patterson 
1993; Ibelings et al. 1994) Light fluctuations elicit the strongest growth and photosynthesis 
response when they occur around the non-linear part of the response curve, such as the onset of 
saturation or the transition to light inhibition (Litchman 2000) and the outcome is altered by the 
periodicity of the light fluctuation (Dromgoole 1988). While this is potentially similar for other a 
biotic paramters such as pH, the response of growth and photosynthesis to a pH range is poorly 
described (but see: Zweng et al. 2018) and likely species specific. This is further complicated by the 
complex shifts of the water carbon chemistry associated with shifts in pH potentially leading to 
dissolution when calcium saturations sate reaches < 1 (see General Introduction). Thus, making 
predictions of the effects of pH fluctuations on coralline growth and photosynthesis performance 
curves difficult. 
Coralline algae occurring epiphytically or in the understory of a dense macrophyte canopy, may 
settle and grow in boundary layers where the physical presence of algae, reduces water exchange, 
(Cornwall et al. 2013a) and metabolic activity can lead to decoupling from the bulk seawater 
(Cornwall et al. 2013a; Comeau et al. 2019). Nevertheless, drifting coralline algae spores as well as 
spores settling on substrate without a significant macrophyte cover may be subjected to this 
variability. Where daytime photosynthesis increases pH locally this may enhance photosynthesis, 
potentially alleviating night-time dissolution of coralline structures during the day, thus potentially 
acting as refuges from OA (Hurd 2015). However, at a tropical vent site, where natural gradients 
of increased pCO2 exhibited ecosystem effects, Fabricius et al. (2015) showed that the trajectory of 
coralline cover decline was steepest at near-ambient pH, suggesting that coralline algae may have 
already declined in response to the pH decline of 0.1 units since the industrial revolution. 
Furthermore, some coralline species in the Northeast Pacific maintained less skeletal material than 
in the past, which was attributed to lowered mean seawater pH over that period (McCoy and 
Ragazzola 2014). Together with these findings the present results show that corallines growing in 
low light zones, with lower macrophyte biomass, such as the 10 m site may be vulnerable to 
decreasing seawater pH and OA. Thus, it will be important to examine effects of OA on coralline 
algae in these low light zones in particular under conditions prevalent during the peak recruitment 






Effects of ocean acidification and reduced 
irradiance on growth and photosynthesis of 







Figure 3.1: Composite image comprising photographs of 30 plates with established coralline 
communities growing on them at the end of the experiments described in the following Chapter.   





Coralline algae are ubiquitously found in the worlds’ shallow water coastal systems where they 
provide a multitude of valuable ecosystem services (Nelson, 2009; summarised in Chapter 1). They 
occur from the intertidal down to the deep subtidal, with a maximum reported depth of  268 m 
(Littler et al. 1985). Coralline algae are important ecosystem components of temperate rocky reefs 
(Adey and Vassar 1975a; Steneck 1986) as well as deep reefs (Littler 1973b; Littler et al. 1985) with 
the potential to grow down to the maximum extent of the photic zone. Coralline algae increase in 
contribution to total cover with depth (de Ruyter van Steveninck and Breeman 1981; Figueiredo 
and Steneck 2000; Hepburn et al. 2011; Nelson et al. 2019), and light has been found to be a major 
determinant of coralline community composition around New Zealand (Nelson et al. 2019). 
Coralline algae also have high importance in cryptic, low light habitats such as the interstitial spaces 
between and under rocks, where they provide important habitat for juvenile invertebrates, such as 
the commercially and culturally valued abalone species Haliotis iris (Hooker 1988; Roberts et al. 
2004). 
 
The presence of coralline algae in virtually all coastal habitats (Steneck 1986; Nelson 2009), exposes 
them to a variety of anthropogenic stressors at local to global scales (Small and Nicholls 2003). On 
a local scale dredging, wastewater disposal, agricultural and forestry changes can lead to increased 
soil loss and eutrophication (Thrush et al. 2004). Combined, these factors may alter the light climate 
of coastal waters, changing light quality and quantity available to primary producers as well as 
creating prolonged periods of light limitation or even darkness (Anthony et al. 2004; Hepburn et 
al. 2011; Desmond et al. 2015; Storlazzi et al. 2015). Light limitation has been shown to alter depth 
range (Kautsky et al. 1986; Markager and Sand-Jensen 1992; Johansson and Snoeijs 2002; Desmond 
et al. 2015), biomass (Desmond et al. 2015) and density (Kirkman 1989) as well as community 
structure (Connell et al. 2008) of macrophytes. Coralline algae are known to be among the deepest 
growing macrophytes (Littler et al. 1986), growing below what is considered the compensation 
irradiance for benthic primary producers, where losses from respiration are balanced by 
photosynthesis (Gattuso et al. 2006). While coralline algae are known to be able to grow under as 
little as 0.01 % of incident surface irradiance (Spalding et al. 2017) and some species have shown 
to maintain structural integrity for prolonged periods of darkness (Wilson et al. 2004; Adey et al. 
2013), comparatively little is known about the effects of light limitation and/or the potential of 
light to modulate responses to other environmental stressors (but see: Martone et al. 2010; Comeau 
et al. 2014; Williamson et al. 2014; Dutra et al. 2016; Ordoñez et al. 2017).  





Coralline algae have been identified as highly vulnerable to ocean acidification (OA) (Kroeker et 
al. 2013a). This global issue arising from the sustained uptake of anthropogenic carbon dioxide 
emissions (CO2) in the oceans (Sabine et al. 2004) has led to an estimated drop in seawater pH by 
0.1 units since the start of the industrial revolution (Hoegh-Guldberg et al. 2014). Current 
predictions estimate the seawater pH to drop by another 0.28–0.32 pHT units by the end of the 
century (RCP 8.5 scenario/ IPCC: Abram et al., 2019; Bindoff et al., 2019). The change in seawater 
pH and the associated shifts in the carbon chemistry resulting from OA, have been associated with 
reduced growth rates, decreased calcification (McCoy and Kamenos 2015) and increased 
dissolution and re-mineralisation processes (Bradassi et al. 2013). The survival of macroalgae in 
low light is determined by the balance between the available energy for photosynthesis and the 
energetic costs to maintain growth (Raven et al. 2000; Falkowski and Raven 2007). Therefore, 
coralline algae could be more vulnerable to OA under conditions where light is limiting (e.g. at 
depth, under increased turbidity or during times of seasonal irradiance reductions). However, 
despite their importance and abundance in low light habitats and the physiological importance of 
irradiance as a driver of photosynthesis, few studies focussing on the combined effects of OA and 
irradiance in coralline algae have been published, with a focus on tropical species (Comeau et al. 
2014a; Dutra et al. 2016; Ordoñez et al. 2017). 
 
3.1.1 Objectives 
In Chapter 2 spatiotemporal variations of irradiance in a southern New Zealand kelp forest have 
been described. At 10 m depth, where coralline cover is high (Shears and Babcock 2007; Hepburn 
et al. 2011), irradiance levels are below the average global compensation irradiance estimates for 
benthic communities (Gattuso et al. 2006) for large parts of the year. Here, the influence of 
reduced, but environmentally relevant irradiance levels, associated with the time of coralline 
reproduction in winter (compare Chapter 2), is tetsed to determine whether lowered irradiance has 
the potential to exacerbate the predicted declines in growth and photosynthesis of established 17 
month old coralline communities. This was undertaken in a flow-through experimental culture 
system using a nested full-factorial, manipulative experiment with two pH treatments (present day 
and future) and three environmentally relevant, irradiance levels, identified from environmental 
data collected at the field site described in Chapter 2. Based on the overall negative impacts of OA 
on coralline growth and calcification reported in the literature, it was hypothesised that the  
(1) reduction in seawater pH will result in reduced coralline algal growth, 




(2) the reduction in growth and calcification due to lowered seawater pH will be modulated by 
irradiance, with stronger reduction in growth as irradiance and consequentially energy 
availability declines, and 
(3) that photobiological response (Fv/Fm, parameters extracted from P vs E curves) would 
be exhibit responses to the light treatments, but remain  unaffected by the pH treatments, 
as the literature supported mixed, species-specific responses(Noisette et al. 2013; Martin et 
al. 2013a; Comeau et al. 2018; Ordoñez et al. 2019).  
3.2 Methods 
3.2.1 Study site & collection of coralline communities 
All field work was conducted at Te Awa Mokihi/ Butterfly Bay, Karitāne/Huriawa Peninsula, 
Otago (45°38´20.58´´S, 170°40´19.38´´E). A detailed description of the location as well as a 
summary of long-term measures of pH and irradiance at this site can be found in Chapter 2. 
Photosynthetically active radiation during the three winter months at 2 m and 10 m was assessed 
from data published by Desmond et al. (2015) and Pritchard et al. (2013) in combination with data 
presented in Chapter 2. This was used to calculate daily light dose (mol m-2 d-1) during the winter 
months and guided the choice of treatment light regimes.  
A total of 144 polyethylene plates (⌀ 48 mm), attached to two leaded ropes, were placed underneath 
the natural macroalgal canopy. Plates were individually labelled on the undersides and attached to 
the rope with a cable tie running through a centre hole. One rope was placed at 2 m and the second 
one at 10 m depth in August 2016 (winter) and left to establish naturally settling coralline cover. 
The plates were removed in January 2018 (summer), having been in situ for 17 months. The plates 
were acclimatised in flow-through tanks at the Portobello Marine Laboratory, Dunedin. After ten 
days they were transported to NIWA, Wellington, within 4 h in a dark, chilled container, wrapped 
in damp cloth. In the lab, plates were each gently cleaned using a toothbrush to remove epiphytes, 
sessile invertebrates, and other algae from coralline crusts before the experimental treatment (see 
next section). Plates were kept in the treatment conditions for a total of 212 days (seven months) 
from 9 January to 9 August 2018. 
  




3.2.2 Experimental set up 
The experiments were housed in a temperature-controlled containment room set at 11 °C and 
supplied with seawater from Evans Bay, Wellington Harbour, which was chilled to 10 °C with a 
custom-built heat/chill refrigeration system seawater. Before conditioning, the seawater was 
filtered to 1 µm, determined to be smaller than most Rhodophyte spores (Ngan and Price 1979).   
The preconditioned seawater was then supplied to eight separate insulated header tanks (610 x 405 
x 420 mm, 60 L). In each header tank, temperature was finely adjusted using submersible 500 W 
aquarium heaters (Aquamanta GH500). A precision PT100 temperature probe mounted to a 
Sensorex S150 polycarbonate probe provided measurements directly controlled through Jumbo 
dTrans pH 02 industrial controllers, which were in turn controlled by a dedicated ‘Control’ 
LabView® computer server. All pH probes were calibrated using Tris and 2-aminopyridine buffers, 
prepared according to Dickson et al. (2007) SOP6A. Food-grade CO2 was diffused through coiled, 
thin-walled silicone tubing connected to two-way solenoid pinch-valves (BioChem Fluidics, 
100P3MP24-02S) into the header tanks to achieve target pH. A second separate dedicated 
‘Monitoring’ LabView® server logged and monitored temperature and pH in the header tanks. 
Additionally, between 30 May and 9 August 2018, pH was spectrophotometrically measured for 
each header tank four times per day using a separate LabView® based auto-sampling system. 
Water samples (1 L) were collected from each header tank and preserved with 4 drops (~200 µl) 
of saturated HgCl2 solution for analysis of total alkalinity (AT) following the best practice guide for 
analysis at monthly intervals (Dickson et al. 2007). Saturation states of aragonite (Ω Ar) and calcite 
(Ω Ca) and the pCO2 at experimental temperatures and salinity were calculated from the average 
measured sample pHT and AT using the seacarb package (version 3.2.11) in R with refitted 
equilibrium constants following analytical methods detailed in McGraw et al. (McGraw et al. 2010). 
Plates from both depths were randomly assigned to one of six treatment levels and placed together 
in one treatment container.  Three irradiance treatments (0.35, 0.17 and 0.1 mol m-2 d-1) were 
crossed with ambient (unmanipulated, pHT 8.05) and high pCO2 levels (pHT 7.65) in a nested 
factorial design, resulting in six treatment combinations and total of 24 x 2 L treatment containers 
(173 x 173 x 87 mm). Treatment light levels were based on the mean winter light dose measured 
at 10 m as the lowest light dose treatment. The intermediate level approximated a 50 % and the 
highest treatment a 75 % increase to that level (Figure 3.2). Light treatments were achieved by 
adjusting irradiance using neutral density filters (Rosco E-colour ND #209, #210, #211) and 
double Philips fluorescent lights (TLD 58W/865, ‘Cool Daylight’). Final light doses in the 
treatments averaged 0.35 ± 0.02, 0.17 ± 0.01 and 0.1 ± 0.0 mol m-2 d-1 (mean ± s.e., n =8). Twelve 




HOBO pendant light loggers were rotated between the treatment containers to monitor light levels 
throughout the incubation time.  
The coralline communities were cultured at 12 ˚C, on a 12:12 light: dark cycle, and water flow was 
adjusted to 400 ml per minute resulting in a minimum turn-over rate of five minutes.  Water motion 
was ensured through three tapered inflow nozzles, which directed flow across plate surface. 
Between 22 March and 28 May 2018, a technical malfunction of an electronic timer resulted in an 
increased daily light dose for that time. However, no resulting change in coloration or bleaching of 
coralline algae was observed, after the light cycle was restored and continued as planned for a 
further three months. 
Plates and containers were gently cleaned every two weeks using a toothbrush to remove fouling 
communities. Blank plates were placed in treatment containers to monitor for recruitment not 
originating from the source population, with no settlement of corallines occurring on them 
throughout the experimental period. Furthermore, no coralline growth on tank walls of other 
experiments in the same facility were observed. 
  




3.2.3 Biotic responses  
Growth of Coralline Communities 
At the start and the end of the experiment, plates were individually photographed using a Nikon 
D5000 camera and a custom-built light box to ensure even lighting and repeatable focal angle and 
distance. All photographs were adjusted to optimise exposure and colour using “batch processing” 
in Adobe Photoshop CS4. Despite these efforts, 37 samples were not used for the following 
analysis due to poor image quality. For standardised analysis of growth on the plates a total of 428 
photographs were assessed using the open source, machine-learning tool ILASTIK version 1.3.2 
(Berg et al. 2019). ILASTIK offers supervised pixel classification using a random forest classifier, 
whereby the software is trained on sample images to recognise image features and then segment 
the image into categories. First the software is shown which areas on a given picture correspond 
to which category. Next, the software attempts identification of the same categories on a different 
image. This is then followed by manual marking of areas mislabelled by the software. Ultimately 
ILASTIK was trained on 19 images before achieving satisfactory results, recognising five different 
categories making up 100 % of the cover. The selected categories were fleshy macroalgae, coralline 
algae, bleached coralline algae, empty space, and other, with the last category mostly being 
comprised of invertebrates contributing very little to total surface cover. After initial training, the 
software automatically batch-processed the images and produced grayscale segmentations. These 
segmentation images were exported to ImageJ for automatic analyses using a custom macro-script 
creating text files for every image with total cover of the respective features. Further processing 
was done in the software R (R Core Team, 2018), where text files were combined to create one 
data frame containing percentual change between start and end of the experiment of respective 
feature and associated treatment conditions. Growth was measured as change of cover, expressed 
as percentage of the total cover, between the two time points. To assess repeatability and quality 
of the automated image analysis process ten images were randomly selected and compared to area 
measurements which were manually generated in Adobe Photoshop CS4, the divergence between 
manual and automated analysis was found to be no more than ± 5 %.  
  




Photosynthetic parameters of Coralline Communities 
Fv/Fm 
At the end of the experiment, two plates from each treatment combination were dark adapted for 
a minimum of 20 minutes before Fv/Fm was determined using a Pulse Amplitude Modulated 
(PAM) fluorometer (Diving-PAM, Walz, Germany). Measuring light intensity was set to four, damp 
and gain to two, the saturation pulse intensity to six and the pulse width to 0.6 following Cornwall 
et al. (2013b).  
 
Photosynthesis versus irradiance (P vs. E) 
Photosynthesis versus irradiance experiments (P vs. E) were run at the end of the experiment with 
36 out of 144 plates in total, with six plates for every treatment combination of pH and daily light 
dose. For each P vs. E incubation, plates were randomly selected and placed in individual custom 
made 100 ml acrylic chambers including one blank plate. Chambers were filled with filtered (1 µm), 
O2  depleted (≈ 50 % air-equilibrated,  Pritchard et al., 2013) seawater at 12 °C.  The plates rested 
on a ledge 1.5 cm above the bottom of the chamber to allow for the placement of a magnetic stir 
bar underneath. The chambers themselves were placed in a water bath on top of a custom build 
six-way magnetic stirrer plate (400 mm x 300 mm). Light was supplied from a stack of three (600 
mm x 600 mm) LED Panel lights (SAL® NDL4106/066 DL) placed 40 mm above the chambers. 
Stacking the three LED panels allowed even light levels across the panel of up to 500 µmol m-2 s-
1 and was controlled by adjusting a current limited variable DC power supply. “Stacking” panels 
was achieved by removing the opaque back reflectors and metal protector plates incorporated in 
the manufacture of the panels, from the bottom two panels in the stack, thereby increasing light 
yield by close to three-fold (compared to that of a single LED panel alone). Light levels were 
measured using a LI-190R Quantum Sensor (LI-COR Biosciences Lincoln, USA) and measured at 
the start and end of every irradiance level. Light and temperature was also continuously logged with 
a HOBO Pendant® Temperature/Light (UA-002-64) temperature/light logger (Onset Computer 
Corporation Bourne, USA) placed in the water bath. Oxygen evolution was measured with a fibre-
optic sensor system (OXY-1 SMA). The measurements were temperature-compensated and taken 
using fluorescence from a PreSens Oxygen Sensor Spot (SP-PSt3-NAU) mounted on each 
chamber wall (FibOx sensor, oxygen meter and fluorescent spots PreSens Precision Sensing 
GmbH, Regensburg, Germany). Plates were left in the complete dark for at least 30 minutes; or 
until a drop in O2 was detected; and then exposed to consecutively increasing PFD steps of ten 
minutes each (following Pritchard et al. 2013), which was predetermined to balance long incubation 
times in a small volume against a steady state photosynthetic rate at each light level. At the start 




and end of every consecutive light step O2 was measured. All incubations were performed between 
8:00 and 18:00. Photosynthetic rates were calculated as µmol O2 h
-1 and standardised to coralline 
surface area (Martin et al. 2013a).  
 
3.2.4 Statistical analysis 
Generalised mixed effect analysis was performed on coralline algal growth, photosynthesis and 
recruitment data as well as other growth measures taken from plates using the lmer function from 
the lme4  library (Bates et al. 2015) to test the two fixed factors “seawater pH” (two levels) and 
“daily light dose” (three levels). For all analyses the p-values were obtained from Likelihood Ratio 
Tests (LRT) of the full model against the model without the effect in question (Christ et al. 2009). 
Contrasts between treatment levels were assessed using Tukey HSD and the glht function of the 
multcomp library (Hothorn et al. 2008). Model assumptions were assessed visually and post-hoc 
examination of the data revealed no divergence from homoscedastic and normality assumptions 
after transformations. For details on the individual analysis performed and the random factors used 
in the respective analyses refer to the following methods sections. All statistical analyses were 
performed in R, version 3.5.1, (R Core Team 2018)  in the RStudio environment, version 1.1.447 
(RStudio 2015). 
 
Growth of coralline communities 
Linear mixed effect analyses were performed to test the relationship for percentage change in total 
coralline cover, bleached coralline algae and fleshy macroalgae across the treatments (pH and light 
dose). Top and bottom sides of plates were separately analysed to account for the difference in 
light environment the two sides experienced. Collection depth (2 m or 10 m), light dose and pH 
and were entered as fixed factors into the model. Header tank and tank number were used as 
random factors to account for nesting of treatments tanks in the header tanks and plates originating 
from both depths being cultured in the same tanks. Data for bleached coralline and macroalgal 
cover were box-cox transformed, as post-hoc examination of the data revealed no divergence from 
homoscedastic and normality assumptions.   




Photosynthetic parameters of established coralline communities 
Quantum Yield - Fv/Fm measure 
Fv/Fm values were analysed using generalised mixed effect analysis with “pH” and “daily light 
dose” as fixed factors and a random factor with ten levels, to factor in slight decreases in Fv/Fm 
values over time. These declines are likely introduced by weakening of the light output from the 
build in halogen lamp of the PAM (Hanelt et al. 2003) with every consecutive measurement.  
 
Photosynthesis versus irradiance (P vs E) 
Photosynthesis vs. irradiance curves were fitted using the function of Platt et al. (1980) using the R 
software package version 3.5.1, (R Core Team 2018): 





) Eq. 4 
 
Pmax is a parameter defined as the maximum potential rate of photosynthesis, α is the initial slope 
of the relationship in the linear part of the curve, E represents the irradiance parameter. Ec is the 
compensation irradiance, the point at which O2 production from photosynthesis equals the O2 
uptake from respiration and the onset of saturation is described with the parameter Ek, which is 







Eq.  5 
Analysis of variance between the presented model and models including an inhibition term (β), 
revealed that the inclusion of the additional factor did not improve model fit. Linear mixed effect 
analysis was performed with “daily light dose” and “seawater pH” treatment as fixed factors and  
number of the respective P vs. E incubation as random factor, hence accounting for confounding 
factors, to analyse the fitted parameters (Pmax, α, Ec, and Ek). All parameters were Box-Cox 
transformed prior to analysis using the car package (Fox and Weisberg 2019), with the exception 
of Ec, where data were log transformed. Model assumptions were assessed visually and post-hoc 
examination of the data revealed no divergence from homoscedastic and normality assumptions 
after data transformation. Three curves were excluded from the analysis after inspection of the 
calculated parameters revealed that they were outside of the expected range, likely explained by air 
seeping into the chambers during the incubations. Thus, depth was excluded from the analysis as 
fixed factor due to the resulting loss of sample size but included as random factor. However, LRT 
analysis revealed that the inclusion of depth did not improve model fit for all four parameters, thus 
it was removed from the final analysis.  





3.3.1 Seawater pH and light treatments 
The average in situ light dose recorded in the observation period (1 June – 19 August 2009, 2013 
and 2018) was 1.5 ± 0.09 at 2 m depth and 0.1 ± 0.01 mol m-2 d-1 (mean ± s.e.) at 10 m depth. In 
situ daily light dose was lower than 0.35 mol m-2 d-1, the highest experimental light level, for 21 % 
and 94 % of the of the time at 2 m and 10 m, respectively. Light dose was lower than 0.17 mol m-
2 d-1, intermediate experimental level, for > 84 % of the time at 10 m, while for the 2 m depth it 
was 7 % of the time (Figure 3.2). 
In the header tanks, pHT averaged 7.65 ± 0.01 (mean ± s.e., n = 4) and 8.03 ± 0.01 (mean ± s.e., 
n = 4) over the treatment period of 212 days, with an average temperature of 12.4 °C ± 0.4 (mean 
± s.e., n = 8). The standard error (s.e.) for pH measures was smaller than minimum measurement 
error of 0.01 using purified dye. Both pH treatments where within 0.1 pHT units of the target pH 
at any given time. For all treatments, AT averaged 2264 ± 3.5 µmol kg
−1 (mean ± s.e., n = 8), while 
dissolved inorganic carbon concentrations were (DIC) 2064 ± 8 and 2204 ± 3.6 (mean ± s.e., n = 
4) and pCO2 was 404 ± 14.2 µmol kg
−1 and 1065.7 ± 18.2 µmol kg−1 (mean ± s.e., n = 4) for the 
ambient and the reduced pH treatments and, respectively. Calculated carbon parameters from pHT 
and AT for the treatments are listed in Table 3.1.  
 
  






Figure 3.2: The daily light doses measured at 2 and 10 m in the three winter months (June, July, August) of 
2009 and 2013 and 2018 at the Butterfly Bay Karitane presented in a frequency histogram. The red lines 
indicate the three chosen treatment light levels for the experiment. Light levels were based on the mean 
winter light dose at 10 m of 0.1 ± 0.01 mol m-2 d -1 (mean ± s.e.) and increased by 50 % and 75 %.  
 
Table 3.1:  Mean seawater parameters (± s.e.) in the seawater flow-through system in both ambient and pHT 
7.65 treatments during the 212-day plate incubation period. In situ temperature (12.3 ºC ± 0.02) and salinity 
(35.4 ± 0.06) were used for parameter calculations (n= 4) following analytical methods detailed in McGraw 








3.3.2 Biotic parameters 
Growth of coralline communities 
 
A total of 406 photographs were analysed to estimate growth of the existing coralline cover found 
on the plates taken from the field site, during the incubation period. At the start of the treatments, 
average coralline cover was 67 % ± 2.7 (mean ± s.e., n = 41, range: 34–92 %) and 45 % ± 2.8 
(mean ± s.e., n = 57, range: 3.9–89 %) on top sides from 2 and 10 m, respectively (Figure A2.3 
and A2.4). At the end of the experiment, total coralline cover on top sides had reached an average 
of 84 % ± 2.1 (mean ± s.e., n = 20) and 63 % ± 4.3 (mean ± s.e., n = 26) in the pHT 8.05 treatments 
for 2 and 10 m depth, respectively. In pHT 7.65 treatments cover reached 70 ± 4.9 (mean ± s.e., n 
= 21) and 50.8 ± 3.4 (mean ± s.e., n = 31) for plates from 2 and 10 m (Table A2.1).  
 
Plate Top Side 
Lowered seawater pH significantly lowered growth (χ2(1) = 7.63, p = 0.006) of coralline algae across 
all light treatments. On average there was a 66 %, 48 % and an 84 % decline in growth due to 
lowered pH in the 0.35, 0.17 and the 0.1 mol m-2 d-1 light dose treatments, respectively. Daily light 
dose was a significant (χ2(2) = 12.00, p = 0.003) contributor to coralline growth on plate top sides. 
In detail, growth doubled from the 0.35 to the 0.17 mol m-2 d-1 light dose under ambient pH and 
increased 3.4-fold in the pHT 7.65 treatment. Growth between the highest and lowest light dose 
did not significantly differ (Figure 3.3).  Coralline growth on plate top sides was similar between 
plates from both collection depths (χ2(1) = 0.53, p = 0.467). The change in bleached coralline cover 
was not significantly different between pH and light dose treatments or corallines from the two 
collection depths (Table 3.2). 
For macroalgal growth LRTs were performed on box-cox transformed data and revealed no effect 
of pH (χ2(1) = 0.19, p = 0.661). Macroalgae cover increased 7- fold to a final cover of 4 % (± 0.43) 
and 2.4-fold to an average final plate cover 1.8 % (± 0.27), for plates from 10 and 2 m respectively 
(Figure 3.4). Growth was also reduced by decreasing light dose in plates from 10 m (χ2(2) = 20.0, p 
< 0.001).  
  




Plate Bottom Side 
Collection depth significantly contributed to differences in coralline growth for the bottom sides 
(χ2(1) = 11.10, p < 0.001), while this was not the case for top sides. On average coralline growth on 
plates originating from 2 m was 1.5 times less than on those from 10 m. For ease of analysis of the 
two main factors pH and daily light dose using LRTs, the two depths were separately analysed. 
Light dose had a significant impact on coralline growth (χ2(2) = 8.99, p = 0.012) for the undersides 
of plates collected at 2 m depth. In the ambient treatment growth was reduced by 87 % under the 
0.01 mol m-2 d-1 treatment compared to the highest light treatment. Additionally, growth was 
significantly (χ2(1) = 7.43, p = 0.006) reduced under the pHT 7.65 treatment. In the two lower light 
treatment groups growth was negative and reduced by 135 % (0.17 mol m-2 d-1) and 152 % (0.01 
mol m-2 d-1) when compared to the highest light, ambient treatment (Figure 3.3). On some of the 
plates, visible signs of dissolution were evident with lacerated looking edges. Similar to the top 
sides, no significant difference between the cover of bleached coralline algae from plates in 
different pH or light dose treatments for either depth was found.  
Coralline cover on plates originating from 10 m had higher growth compared to plates from 2 m 
across all light levels (Figure 3.3 B&C). Growth reduced significantly (χ2(1) = 17.01, p = 0.001) with 
declining light dose and was highest under the 0.35 treatment, with a mean area expansion of 27 %. 
While pH caused a negative impact on coralline growth, only in the lowest light treatment was 
there a marginal decline observable. 
No significant impact of seawater pH on box-cox transformed macroalgal growth data was 
observed for 2 m (χ2(1) = 3.25, p = 0.071) and 10 m (χ
2
(1) = 2.77, p = 0.096). As for the top sides, 
macroalgal growth was significantly lower on plates coming from 2 m depth (χ2(1) = 18.94, p < 
0.001). Plates from 2 m doubled in macroalgal growth, while plates from 10 m had a sevenfold 
increase in cover totalling an average cover of 4 % (± 0.43) and 1.5 % (± 0.26), respectively (Figure 
3.4 B).  
  





Figure 3.3: Effects of the combination of reduced seawater pH and light dose on the change in coralline 
algae cover (growth), expressed as % (mean ± s.e.), for top sides of plates (A) and bottom (B & C). Plates 
from 2 m (B) and 10 m (C) were separately analysed. Treatments in each plot sharing the same letters are 
not statistically significant from each other. Letters indicate significant differences at p < 0.05 
 
  





Figure 3.4: Effects of the combination of pH and depth on the change in cover of macroalgae (growth), 
expressed in % (mean ± s.e.), for top sides of plates (A) and bottom (B). Treatments in each plot sharing 




















Table 3.2: Results from likelihood ratio tests for the effects of pH and daily light dose on the photosynthetic 
paramters and growth of established coralline cover on plates. Growth results are given for plate top and 
bottom, which were separated into plates originating from 2 and 10 m depth in the field. (Pmax = 
photosynthesis at light saturation, alpha = initial slope, Ec = compensation irradiance, Ek = irradiance at onset of saturation)  
 
Fixed effects Df  χ2 P-value  
Photosynthetic Parameters    
     
Fv/Fm     
pH 1 0.99 0.318 n.s 
Daily Light Dose 2 0.65 0.721 n.s 
     
     
Pmax      
pH 1 1.31 0.253 n.s. 
Daily Light Dose 2 12.67 0.002 ** 
     
     
alpha     
pH 1 0.26 0.611 n.s. 
Daily Light Dose 2 2.17 0.338 n.s 
     
Ec      
pH 1 1.49 0.223 n.s. 
Daily Light Dose 2 13.15 0.001  ** 
     
     
Ek     
pH 1 2.09 0.148 n.s. 
Daily Light Dose 2 9.42 0.008 ** 
     
Growth Parameters     
     
Coralline growth (%) top side    
     
pH 1 7.63 0.006 ** 
Daily Light Dose 2 12.00 0.003 ** 
Depth 1 0.53 0.467 n.s. 
     
    
Coralline growth (%) bottom side- 2 m    
    
pH 1 7.43 0.006 ** 
Daily Light Dose 2 8.99 0.012 * 
     
     
Coralline growth (%) bottom side- 10 m    
     
pH 1 6.24 0.013 * 
Daily Light Dose 2 17.01 < 0.001 *** 
     
 






Table 3.3: Results from likelihood ratio tests for the effects of pH and daily light dose on the growth of 
macroalgae on plate surfaces. Results are given for plate top and bottom sides, which were both separated 








Fixed effects Df  χ2 P-value  
Macroalgal growth (%) top side- 2 m   
pH 1 1e-04 0.991 n.s 
Daily Light Dose 2 8.88 0.012 * 
     
Macroalgal growth (%) top side- 10 m   
pH 1 0.20 0.652 n.s. 
Daily Light Dose 2 19.997 < 0.001 *** 
     
Macroalgal growth (%) bottom side- 2 m   
pH 1 3.25           0.071 n.s. 
Daily Light Dose 2 4.93         0.085 n.s. 
     
Macroalgal growth (%) bottom side- 10 m   
pH 1 2.77 0.096 n.s. 
Daily Light Dose 2 10.15 0.006 ** 
     
Bleached areas change (%) top side    
pH 1 0.21 0.646 n.s. 
Daily Light Dose 2 5.56 0.062 n.s. 
     
Bleached areas change (%) bottom side- 2 m   
pH 1 3.59     0.06 n.s. 
Daily Light Dose 2 4.16       0.125 n.s. 
     
Bleached areas change (%) bottom side- 10 m   
pH 1 0.11  0.738 n.s. 
Daily Light Dose 2 3.66          0.161 n.s. 
     
     
 




Table 3.4: Mean values of photosynthesis at light saturation (Pmax), the initial slope (alpha), compensation 
irradiance (Ec), and irradiance at onset of saturation Ek (mean + s.e.).  
 
  




Photosynthetic parameters of coralline communities 
Quantum Yield - Fv/Fm measure 
At the end of the experiment, Fv/Fm measurements averaged 0.71 ± 0.01 (mean ± s.e.) and there 
was no effect of mean pH or daily light dose treatment on the values. 
 
Photosynthesis versus irradiance (P vs E) 
While the initial slope (α) was the same across all treatments (Table 3.4), all other parameters 
showed significant changes in relation the light dose treatments, but not to the pH treatments. Pmax 
declined under the lower two light treatments (χ2(2) = 12.67, p = 0.002). Ec was similar between the 
two higher light treatments with an average of 1.9 µmol m-2 s-1 and significantly (χ2(2) = 13.15, p = 
0.001) higher than Ec for the 0.1 level at 1.3 µmol m
-2 s-1 (Table 3.2). Furthermore, Ek was 
significantly (p = 0.004) reduced by 53 % from the highest to the lowest light dose treatment 
(Appendix Figure A2.5). 
 
  





3.4.1 Growth and photosynthesis 
Growth of the established coralline communities declined in the low pH treatments as 
hypothesised and in accordance with existing literature (Diaz-Pulido et al. 2012; Noisette et al. 
2013; Cornwall et al. 2013b; Kamenos et al. 2013). Consistent with the proposed hypothesis, the 
response in coralline growth to OA was modulated by PAR availability, but the direction of the 
growth response varied between the light dose treatments. While the growth of coralline 
communities on plate top sides responded to the irradiance reductions, the response differed from 
the predictions. Growth was enhanced in the intermediate light treatment (light dose 0.17 mol m-2 
d-1) in both pH treatments and no significant difference in growth was observed between the high 
and low light treatment. It is unlikely that the increase in growth observed under the intermediate 
light treatment resulted from space limitation on plates from the highest light treatment, as the 
same pattern was evident in the low pH treatments, where coralline algae covered only half as much 
surface as in the ambient treatments. Estimations for the light level at onset of saturation derived 
from P vs. E curves for plates from the intermediate treatment, show that this was four times 
higher than the received light dose.  
 
Only a few studies have investigated the potential of light to modulate the response of coralline 
algae to OA. Comeau et al. (2014a), found calcification, measured as change in buoyant weight, of 
the tropical crustose coralline species Hydrolithon reinboldii to decline by 29 % in response to a light 
reduction of 77 % from saturation to sub saturating intensities. In their study, no significant 
response to reduced seawater pH or the interaction of the two factors was found. Similarly, 
Ordoñez et al. (2017) observed growth, measured as lateral extension, of < six day old germlings 
of the tropical crustose coralline algae Porolithon cf. onkodes, to be reduced under lowered irradiance. 
In their study, OA and irradiance had no interactive effects, but OA effects were offset in the high 
irradiance treatment. Not only did higher irradiance not show any potential to reduce effects of 
OA in the present study, but lowered irradiance levels under OA treatments resulted in net 
dissolution.  
Direct comparison between the present study and these two studies are difficult due to differences 
in treatment levels as well as treatment times, with the two studies examining effects over the 
course of six (Ordoñez et al. 2017) to 20 (Comeau et al. 2014a) days compared to the seven month 
treatments of the present study. Furthermore, the previously discussed studies investigated the 
response of single tropical species, while in the present study the response of mixed coralline 




communities was assessed. Thus, the observed patterns are likely more complex and may be linked 
to individual responses within those mixed coralline communities. In coralline algae, a connection 
between length of exposure to OA and differential outcome of experiments has previously been 
made (Sordo et al. 2018). However, together with previous works the present study shows that 
irradiance may play an important role in determining the outcomes of OA on coralline 
communities, in particular in low light habitats.  
 
Communities from both collection depths responded similarly to the treatment on plate top sides. 
However, plate undersides exhibited a divergence of growth patterns between the two depths. 
Coralline communities from 10 m grew more than those from the shallower site. The communities 
likely already diverged in the field at the onset of development with communities adapted to lower 
light conditions growing at depth. The plate orientation from the field was maintained in 
treatments, plate undersides could have attracted settlement of more low light adapted 
communities compared to the more light exposed top sides. While communities from the 10 m 
plates exhibited more growth than those from 2 m, the combined stress of reduced seawater pH 
and the lowest irradiance treatment, likewise resulted in net cover loss. The magnitude of the 
reductions in growth was similar between communities from both depths, but the light level at 
which net dissolution occurred diverged. It is likely that low-light adapted communities from 10 m 
were better able to optimise photosynthesis under reduced irradiance and thus counteract any 
ongoing dissolution processes. 
 
Southern New Zealand was identified to harbour the highest species diversity in coralline algae 
across the whole country (Twist et al. 2019). Using DNA sequencing data, Twist et al. (2019) 
identified a total of 17 species, with an estimated total diversity of 33 at Te Awa Mokihi/ Butterfly 
Bay, the site of this current study. Further, polyvinyl chloride, a material very similar to 
polyethylene, attracts coralline communities closely resembling natural assemblages (Kennedy et 
al. 2017). Therefore, it is likely that the communities represented on the plates in the present study 
are representative of the reported diversity found at this site. Coralline algal species have been 
shown to differ in a range of functions such as suitability as settlement substrate (Daume et al. 
1999b; Harrington et al. 2004; Roberts et al. 2004) or susceptibility to environmental stressors 
(Noisette et al. 2013; Cornwall et al. 2019). The observations made in this study were based on 
community level as coralline algae present on the plates were mixed patches of small, tightly 
intertwined growing margins often lacking reproductive features. Some of the smaller, thinner 
crusts were replaced by thicker crusts over time (pers. observation). Thus, making the use of 




morphological identification near impossible and changes in composition hard to track. 
Furthermore, consensus is emerging that the integration of sequencing data is integral for reliable 
taxonomic identification (Nelson et al. 2015; Hernandez-Kantun et al. 2016; Gabrielson et al. 
2018).  Attempts to utilize electron microscopy paired with DNA sequencing to achieve finer 
taxonomic resolution on the coralline growths were made. However, this proved to be 
inconclusive.  It is likely that species growing  on the plates exhibited differential responses to the 
treatments, but there is still a lack of information on diversity, relationships and ecological 
functions of coralline algae species in southern New Zealand (Twist et al. 2019). Without this 
framework, species responses are hard to translate into a community and ecosystem context. The 
communities growing on the plates were early successional stages, where horizontal extension and 
competition for space, which may be shaped by disturbance (Steneck et al. 1991), are dominant 
determinants of individual crust growth (Adey and Vassar 1975b; Steneck 1986; Steneck et al. 
1991). These results may be difficult to interpret in context of older, already established 
communities or single mature species, where vertical growth may be increased (Figure A5.1). 
However, present study shows net declines in growth of early successional coralline algae at a 
community level in response to reduced seawater pH. Hence some of the key functions that are 
provided by coralline communities may be severely impacted under future OA conditions, 
especially in low light habitats.  
 
During the entire duration of this experiment, no increase in discolouration or mortality in 
specimen during incubation was observed. All measured Fv/Fm values were indicative of a healthy 
photosystem II (Harrington et al. 2004; Cornwall et al. 2015). This shows that the coralline 
communities were adapted to the presented light treatment levels, which were derived from field 
data (Chapter 2) and are representative for temperate systems (Lüning and Dring 1979; 
Alexandridis et al. 2012; Pritchard et al. 2013; Desmond et al. 2015). The collected coralline 
communities were able to grow under 0.1 mol m−2 d−1 of in the ambient treatment even on plate 
undersides. While PAR under the plates was not directly assessed, PAR would have been reduced 
when compared to top sides. Thus, coralline communities of the underside of plates from the 
lowest irradiance treatment were able to sustain growth in ambient conditions under less than 0.1 
mol m−2 d−1. Anotrichium crinitum, a rhodophyte found to occur down to the depth limit for non-
calcareous macroalgae in southern New Zealand and commonly found at 10 m depth at the study 
site, has been shown to have a compensation irradiance of 1.49–2.25 µmol m-2 s-1(Pritchard et al. 
2013). Further, a  minimum light dose of > 0.07 mol m−2 d−1 was needed to allow long term growth  
(Pritchard et al. 2013). These values are in good agreement with values measured from the P vs E 




curves in the present study. The photosynthetic parameters calculated from P vs E curves represent 
a snap-shot of photosynthetic acclimatisation. These values were derived from communities 
acclimatised to the culture conditions. While these results may underestimate the photosynthetic 
parameters for some parts of the year, especially for shallower communities, it shows that corallines 
from this area are low light adapted and have the potential to sustain growth at irradiance levels 
present throughout the winter months. Photosynthetic parameter values derived from these 
experiments place the coralline communities at the lower end and more similar to polar species 
than other temperate species reported in the literature (Table 3.5).  
 
In line with the initial hypothesis, all measured and calculated photosynthetic parameters were 
statistically unaffected by the change in seawater pH. Cornwall et al. (2013) similarly found no effect 
of reduced seawater pH on Fv/Fm ratios or pigment concentrations on the temperate articulate 
coralline algae Arthrocardia corymbosa. The responses of OA on coralline photosynthesis vary and 
several studies reported negative effects of OA on photosynthesis in tropical and subtropical 
coralline species (Anthony et al. 2008; Gao and Zheng 2010; Briggs and Carpenter 2019), as well 
as in the temperate species Lithophyllum cabiochae (Martin et al. 2013a). In contrast, positive effects 
of OA on photosynthetic parameters (Borowitzka 1981; Semesi et al. 2009) as well as mixed 
responses (Borowitzka 1981; Briggs and Carpenter 2019) have been reported in other coralline 
studies. These positive effects can be attributed to a release of coralline algae from carbon limitation 
by increased availability of dissolved inorganic carbon (Larkum et al. 2003). When comparing these 
studies, it is important to note that they largely differed in the daily light dose supplied as well as 
the photosynthetic parameters measured. In the present study light was sub-saturating and 
photosynthesis was likely not carbon-limited, due to the presence of carbon concentrating 
mechanisms in most coralline algae (Raven et al. 2012; Bergstrom et al. 2020). Despite the 
differences in experimental design, it is noteworthy that overall photosynthetic parameters of the 
communities were unaffected by the pH treatments, similar to other studies, but responded to the 
light treatments.  
 
  




Table 3.5: Photosynthetic parameters measured for selected crustose coralline algae from literature for polar, 
temperate, and tropical regions. Values have been normalized to μmol O2 cm−2 thallus h−1 for comparison 
(unless denoted otherwise). Ek and Ec are in μmol m−2 s−1; – = not reported. Adapted from Martin et al. 
(2013). 
  




As photosynthesis was unaffected by seawater pH, the observed changes in growth of coralline 
communities were likely tied to calcification and dissolution processes. Bradassi et al. (2013) were 
able to show differences in calcification between ambient and low pH treatment through calcein 
staining of early developmental stages of Phymatolithon lenormandiiare, a cold-temperate crustose 
coralline species. In the ambient treatment only growing margins where stained, while the whole 
thallus of specimen cultivated under lower pH exhibited signs of new growth. Thus, it is likely that 
this increased dynamic of calcification and dissolution is energetically more costly under reduced 
seawater pH. When light is decreasing, even less energy is produced. However, more energy is 
needed to adapt light harvesting pigments to optimised light harvesting efficiency (Ramus et al. 
1976). Thus, the balancing act between lowered light availability and the increased need for energy 
for light harvesting and increased calcification (under low seawater pH) may result in and “energy 
crisis” (Falkowski and LaRoche 1991). This could lead net dissolution, where the production of 
new carbonate structures is lower than the dissolution rate (Semesi et al. 2009; Büdenbender et al. 
2011). Dissolution of coralline cover in this study was evident on the undersides of the plates from 
the pHT 7.65 treatments under the two lower light levels, while all other treatments maintained 
positive growth. Considering the tight link between photosynthesis and calcification in coralline 
algae, where both follow a hyperbolic curve in response to light (Chisholm 2000; Martin et al. 
2013b), it is surprising that only a few studies examine the effects of OA with respect to light.  
 
Coralline communities were cultivated at a 12:12 light cycle, chosen to allow comparison to other 
studies (Pritchard et al. 2013; Cornwall et al. 2013b, 2014; Comeau et al. 2014a; James et al. 2014; 
Roleda et al. 2015; Ordoñez et al. 2017). While daily light dose mimicked light levels commonly 
found in winter, the rate of delivery over a daylength of 12 h was longer than typical for mid-winter 
and more representative of late autumn or early spring. Desmond et al. (2017) showed that rate of 
light delivery may play and underestimated role in productivity measures for macroalga with the 
potential to maintain productivity at lower light doses, when the delivery time is increased. Thus, 
it is likely that the present study underestimates the impact on growth and productivity when scaled 
to shorter daylength in winter. Future work including the effects of light dose and delivery rate may 
be useful in this context and help to improve our understanding of the potential impacts of OA at 









3.4.2 Environmental implications for New Zealand and management 
The interactive effects of reduced pH and low light on coralline growth and recruitment may be of 
particular importance in New Zealand, where coralline diversity is high (Twist et al. 2019) and 
communities are important contributors of algal biomass in most subtidal habitats (Steneck 1985; 
Shears and Babcock 2007), covering up to 80 % of the surface area (Shears and Babcock 2004, 
2007; Hepburn et al. 2011). In particular, the decline in cover on plate undersides in response to 
reduced seawater pH, mimicking cryptic habitats such as undersides of cobbles or interstitial 
boulder spaces, highlights that these low light zones might be vulnerable to OA.  Coralline algae, 
which are positively associated with many invertebrates such as New Zealand abalone/ paua (H. 
iris) (Roberts 2001; Roberts et al. 2004), may not only be susceptible to OA, but in particular the 
cryptic habitats that support the settlement and survival of early life stages of these invertebrates 
(Hooker 1988) could be increasingly impacted. 
 
Not only are coastal sites of New Zealand likely to be subjected to OA in the future, some habitats 
already experience periods of reduced pH associated with natural variability (Cornwall et al. 2013b; 
Law et al. 2018). Around New Zealand coastal and estuarine sites with pH fluctuations of  > 0.3 
units (Vance et al. 2020) have been measured. At this study site (Te Awa Mokihi/ Butterfly Bay) 
occasional drops as low as the pHT 7.65 treatment have been recorded (compare Chapter 2 ), which 
is in line with other coastal systems where diurnal pH changes of up to 0.5 units have been observed 
(Duarte et al. 2013). While pH treatments in the present study were constant, this is unlikely to 
occur in near shore environments, such as the collection site. Increased susceptibility of 
calcification in response to pH fluctuations has been observed in the tropical crustose coralline 
alga Lithophyllum congestum (Johnson et al. 2019) as well as the temperate articulate coralline alga, 
Arthrocardia corymbosa (Cornwall et al. 2013b), but not in the tropical species Hydrolithon reinboldii. 
While these results are not unanimous, they show that the present results may underestimate the 






Chapter 4  
Interactive effects of ocean acidification and 












Figure 4.1: Composite image of photos showing settled coralline recruits at the end of the experiment of 
the following Chapter. Top row depicts coralline settlement under OA and bottom under present-day pH. 
Images were arranged from low (left) to high light treatment (right).  





Due to the sustained uptake of anthropogenic, atmospheric CO2, the pH of the open ocean has 
dropped by ≈ 0.1 units since the start of the industrial revolution (Hoegh-Guldberg et al. 2014) 
and is predicted to drop another 0.28–0.32 pH units by 2100 (Bindoff et al. 2019), a process known 
as ocean acidification (OA). The response of marine organisms to OA is predicted to vary, but the 
consensus is that marine calcifiers, in particular coralline algae, are among the most vulnerable 
organisms (Kroeker et al. 2013a). 
Coralline algae are globally abundant primary producers and calcifiers in the shallow water coastal 
systems. They are a dominant feature in the low-lit understorey of temperate rocky reefs (Adey and 
Vassar 1975a; Steneck 1986) and deep reefs (Littler 1973a; Littler et al. 1985). Spanning a strong 
light and depth gradient down from the intertidal to the deeper zones (Steneck 1986), 
proportionally coralline cover has been observed to increase with depth (de Ruyter van Steveninck 
and Breeman 1981; Figueiredo and Steneck 2000; Hepburn et al. 2011). They have been reported 
to occur as deep as 268 m (Littler et al. 1985), where photosynthetically active radiation (PAR) is 
less than 0.001 % of that at the surface irradiance. As the deepest known macroalgae (Littler et al. 
1985), they therefore present the maximum extent of the benthic, photic zone.  Due to the 
abundance and structural complexity of coralline algae, they provide habitat and protection to 
invertebrates and support biodiversity (Nelson 2009). 
Coralline algae are present in virtually all coastal habitats (Steneck 1986; Nelson 2009), which are 
some of the most anthropogenically modified systems on earth (Small and Nicholls 2003), exposing 
coralline algae to stressors driven at local to global scales. Increasing soil loss due to human 
activities, estimated at 2.8 Mg ha−1 yr−1 globally (Borrelli et al. 2017), together with anthropogenic 
disturbances such as dredging and waste water disposal, has led to increased sedimentation and 
eutrophication of coastal systems (Thrush et al. 2004). The resulting increases in turbidity have led 
to changes in both quantity and quality of the PAR available to primary producers (Anthony et al. 
2004; Storlazzi et al. 2015). This may be exacerbated in the future through increased terrestrial run-
off and sediment re-suspension, as storms are predicted to increase in frequency and severity for 
many regions (Ciais et al. 2013).  
Calcification in coralline algae is under metabolic control (Cornwall et al. 2017a) with tight links of 
photosynthesis and respiration to the formation of CaCO3 crystals in the cell walls (Smith and Roth 
1979; Borowitzka 1981; but see: Kolzenburg et al. 2019). Despite the physiological importance of 
PAR as a driver of photosynthesis, there are few studies focussing on the combined effects of OA 




and PAR on calcification rates, with those conducted on tropical coralline species (Ordoñez et al. 
2014; Vogel et al. 2015; Dutra et al. 2016).  
Ocean acidification has been associated with reduced growth rates and calcification (McCoy and 
Kamenos 2015), and increased dissolution and re-mineralisation processes (Bradassi et al. 2013) in 
coralline algae. The growth and upkeep of calcified structures is energetically costly (Spalding et al. 
2017), therefore likely compromised when light availability for photosynthesis is reduced. Not only 
are early life history stages often the most vulnerable phases in the development of macroalgae 
(Underwood and Fairweather 1989; Vadas et al. 1992), but in many species of temperate coralline 
algae the recruitment has been observed to peak in the winter season (Edyvean and Moss 1984; 
Chamberlain 1987; Adey et al. 2013; Rodríguez-Prieto 2016). Thus, coralline recruitment could be 
more vulnerable to OA under reduced PAR availability. There is limited understanding of how 
recruitment of coralline algae is affected by the interplay of OA and reduced PAR, even though 
this may be crucial for the continued presence of coralline dominated communities as ocean pH 
declines.  
 
4.1.1  Objectives 
Based on the previous observation of increased susceptibility of thinner coralline taxa to OA 
(Doropoulos et al. 2012),  it is hypothesised that recruits, with their small and thin structure, will 
be more susceptible to OA under decreasing light due to increased energy demands for calcification 
upkeep to counteract OA induced dissolution (Diaz-Pulido et al. 2012; Bradassi et al. 2013). The 
influence of reduced PAR, associated with the time of coralline reproduction, is tested to determine 
whether this has the potential to exacerbate the predicted declines in recruitment caused by OA. 
This was undertaken using a nested full-factorial, manipulative experiment with two pH treatments 
(present day and future) and three environmentally relevant irradiance levels in a flow-through 
experimental culture system.  
  





4.2.1 Study site & material collection 
The parental communities for this study were collected at Te Awa Mokihi/ Butterfly Bay, 
Karitāne/Huriawa Peninsula, Otago. Further details on the site location and composition of the 
benthic communities can be found in Chapter 2 and references therein. A total 144 polyethylene 
plates (⌀ 48 mm) attached to a leaded rope were placed underneath the natural macroalgal canopy 
in August 2016 (winter) for natural coralline communities to develop. The plates were removed in 
January 2018 (summer), having been in situ for 17 months. After a ten day acclimatisation period 
at the Portobello Marine Laboratory, Dunedin, the plates were transported within 4 h to NIWA, 
Wellington. For the transport plates were wrapped in damp cloth and placed in a in a dark, chilled 
container. At the lab they were each gently cleaned using a toothbrush to remove epiphytes, sessile 
invertebrates, and other algae from the established coralline crusts before the experimental 
treatment (see next section). Plates were kept in the treatment conditions for a total of 212 days (7 
months) from 9 January to 9 August 2018 where they recruited into the treatment containers. 
 
4.2.2 Experimental set up 
Data published by Pritchard et al. (2013) and Desmond et al. (2017) was used to identify irradiance 
levels typical for the collections site. This data set was used to calculate daily light dose (mol 
photons m-2 d-1) during the winter months when coralline recruitment occurs (Edyvean and Moss 
1984; Chamberlain 1987; Chapter 2) and served to define treatment light regimes. The average in 
situ light dose recorded during the observation period (June 1st – August 29th, 2009 and 2013) was 
0.1 ± 0.01 mol m-2 d -1 (mean ± s.e.) at 10 m depth and chosen as the base light level and increased 
by approximately 50 % and 75 % for the two higher light treatments. A more detailed description 
of the natural light environment at the field site can be found in Chapter 2 and Chapter 3 (Figure 
3.2).   
The experiment was conducted in a temperature-controlled containment room using the 
cultivation set up as described in Chapter 3 (Methods). Seawater from Evans Bay, Wellington 
Harbour, was filtered to 1 µm, smaller than most rhodophyte spores (Ngan and Price 1979),  chilled 
to 10 °C, and then supplied to eight separate insulated header tanks (610 x 405 x 420 mm, 60 L). 
In each header tank, temperature was adjusted (500 W heaters, Aquamanta GH500). A precision 
PT100 temperature probe mounted to a Sensorex S150 polycarbonate probe provided 
measurements directly controlled through Jumbo dTrans pH 02 industrial controllers, which were 




in turn controlled by a dedicated ‘Control’ LabView® computer server. The pH probes in each 
header tank were calibrated with Tris and 2-aminopyridine buffers, prepared according to Dickson 
et al. (Dickson et al. 2007) SOP6A. Target pH was achieved by direct diffusion of food-grade CO2 
into the header tanks through coiled, thin-walled silicone tubing connected to two-way solenoid 
pinch-valves (BioChem Fluidics, 100P3MP24-02S). Temperature and pH of header tanks was 
constantly monitored and logged by a second separate dedicated ‘Monitoring’ LabView® server. 
Additionally, between May 30th and August 9th, 2018, pH was spectrophotometrically measured for 
each header tank four times per day using a separate auto-sampling system. Correlation between 
the spectrophotometric pH measures was found to be strongly positive and pH probes provided 
a reliable measure of pH, in the absence of the spectrophotometric measures (Appendix 2, Figure 
A2.1 and A2.2). 
Water samples (1 L) were collected at monthly intervals from each header tank and preserved with 
4 drops (≈ 200 µl) saturated HgCl2 solution for analysis of total alkalinity (AT) following the best 
practice guide for analysis (Dickson et al. 2007). Saturation states of aragonite (Ω Ar) and calcite 
(Ω Ca) and the pCO2 at experimental temperatures and salinity were calculated from the average 
measured sample pH(T) and AT using the seacarb package (version 3.2.11) in R with refitted 
equilibrium constants following analytical methods detailed in McGraw et al. (McGraw et al. 2010). 
Plates were randomly assigned to one of six treatment levels in a nested, factorial design crossing 
ambient (unmanipulated, pH(T) 8.07) and low pH levels (pH(T) 7.65), corresponding with current 
and end of the century pH levels under RCP 8.5 projections (Ciais et al. 2013; Law et al. 2018). To 
each pH level, three daily light dose treatments were assigned. Light treatments were achieved using 
neutral density filters (Rosco E-colour ND #209, 210, 211) and double Philips fluorescent lights 
(TLD 58W/865, ‘Cool Daylight’). Final light doses in the treatments averaged 0.35 ± 0.02, 0.17 ± 
0.01 and 0.1 ± 0.0 mol m-2 d-1 (mean ± s.e., n =8). Each of the six treatment levels had four 
replicates, each in a total of 24 x 2 L treatment containers (173 x 173 x 87 mm). Flow in the 
containers was adjusted to 400 ml per minute ensuring a minimum turn-over rate for fresh seawater 
of five minutes. The coralline communities were cultured at 12 ˚C, on a 12:12 light:dark cycle. 
Between 22 March and 28 May 2018, a technical malfunction of an electronic timer resulted in an 
increased daily light dose for that time. No resulting change in colouration or bleaching of coralline 
algae was observed after the light cycle was restored and the experiment continued as planned for 
a further three months. Plates were mounted through their centre hole on a mesh platform and 
raised about 4 cm above the container bottom on which recruitment occurred. Containers were 
gently cleaned every two weeks using a toothbrush to remove fouling communities. Blank plates 




were placed in treatment containers to monitor for recruitment not originating from the source 
population, with no settlement of corallines occurring on them throughout the experimental 
period. 
4.2.3 Recruitment measures 
At the end of the treatment, containers were photographed using a Nikon D500 camera and all 
photographs were batch processed to optimise exposure and colour using Adobe Photoshop CS4. 
Areas were manually selected and measured using the built-in analysis function. Recruits were 
counted as separated, individual crusts and only recruits > 1 mm2 were used for final analysis of 
mean size and total cover.  Count data were also obtained from the pictures. Treatment container 
24 (daily light dose 0.1 mol m-2 d-1, ambient pH) was removed from the analysis as an outlier, as 
the number of recruits was 15 times higher than that of any other container in the same treatment 
group.  
4.2.4 Statistical analysis 
To identify the effect of decreased pH and daily light dose on recruitment, mixed effect analysis 
was performed with header tank as random factor and daily light dose (three levels) and pH (two levels) 
as fixed factors. Using the glmer function from the lme4  library (Bates et al. 2015) recruitment, 
count data expressed as number of recruits were analysed assuming Poisson error distribution. 
Total area and mean crust size analyses were performed using the lmer function from the lme4 
library (Bates et al. 2015), where average crust size data were log transformed and total cover box-
cox transformed using the car package (Fox and Weisberg 2019). For all analyses the p-values were 
obtained from Likelihood Ratio Tests (LRT) of the full model against the model without the effect 
in question (Christ et al. 2009). Contrasts between treatment levels were assessed using Tukey HSD 
and the glht function of the multcomp library (Hothorn et al. 2008).  Model assumptions were 
assessed visually and post-hoc examination of the data revealed no divergence from homoscedastic 
and normality assumptions after transformations. All statistical analyses were performed in R, 
version 3.5.1, (R Core Team 2018)  in the RStudio environment, version 1.1.447 (RStudio 2015).  
  





4.3.1 Seawater pH and light treatments 
Light treatments in culture were well separated, with an average light dose of 0.35 ± 0.02, 0.17 ± 
0.01, 0.1 ± 0.0 mol m-2 d-1 (mean ± s.e., n =8). In the header tanks pH(T) averaged 7.65 ± 0.0 (mean 
± s.e., n = 4) and 8.03 ± 0.01 (mean ± s.e., n = 4) over the treatment period of 212 days, with an 
average temperature of 12.4 °C ± 0.4 (mean ± s.e., n = 8) for all headers. Both pH treatments 
where within 0.1 pH(T) units of the target pH at any given time. Calculated carbon parameters from 
pH(T) and AT for the treatments are listed in Table 3.1 (previous Chapter). Mean AT of all treatments 
was 2264 ± 3.5 µmol kg−1 (mean ± s.e., n = 8), while DIC was 2064 ± 8 and 2204 ± 3.6 (mean ± 
s.e., n = 4) and pCO2 was 404 ± 14.2 µmol kg
−1  and 1065.7 ± 18.2 µmol kg−1  (mean ± s.e., n = 
4)  for the ambient and the reduced pH treatments and , respectively.  
4.3.2 Recruitment 
Seawater pH had a significant (pH: χ2(1) = 24.46, p < 0.001) negative effect on the number of 
recruits (Figure 4.3A) The reduction in pH from ambient to pH(T) 7.65 lead to a decrease in 
recruitment of 56 % in the highest light treatment, whereas in the intermediate light treatment the 
same reduction in pH led to a 78 % decline. LRT analysis revealed a synergistic interaction between 
light dose and seawater pH and their effect on the number of recruits (Interaction: χ2(2) = 53.80, p 
< 0.001). At a light level of 0.1, recruitment almost halted in the low pH treatments with an average 
of 3.8 ± 2.50, a 99 % reduction of recruits when compared to the high light, ambient pH treatment 
(Appendix Table A3.1). Complete failure of recruitment was observed in one replicate container 
(Figure 4.2 B). Decreasing daily light dose had a significant (light dose: χ2(2) = 826.15 , p < 0.001) 
negative impact on number of recruits with the most, 270 ± 11.6 (mean + s.e.), occurring in the 
ambient treatment at a light dose of 0.35 mol m-2 d-1. In the 0.17 mol m-2 d-1treatment, recruitment 
was 57 % lower and in the 0.1 mol m-2 d-1 treatment, 96 % lower compared to the highest light 
dose treatment. 
Not only were fewer recruits recorded in the reduced pH treatment, but mean crust size was two 
to three times smaller in the pH(T) 7.65 treatment (Figure 4.3 B). The pH (χ
2
(1) = 6.99, p = 0.008) 
and daily dose treatments (χ2(2) = 25.34, p < 0.001) had significant negative effects on the mean 
size of recruits. By the end of the experiment, an average 8 % and 2 % percent of the total available 
space in the experimental tanks had been occupied by coralline recruits in the ambient and the 
pH(T) 7.65 treatment, respectively (Figure 4.3 C). The total cover of coralline algae was significantly 




reduced (χ2(1) = 9.73, p = 0.001) in the low seawater pH treatments. Decreasing daily light dose 
reduced the total coralline algae cover (χ2(2) = 43.27, p < 0.001), with the lowest cover under the 
0.1 mol m-2 d-1 light treatment, where no discernible cover (> 1 mm2) was evident in combination 
with reduced seawater pH.  For mean crust size and total coralline algae cover the observed effects 
were additive and interaction terms were not significant (statistical outputs are listed in Appendix 
3 Table A3.2).  
  





Figure 4.2: (A) Image of a deep lying coralline habitat (42 m) Image Credit: Oceans 2020 
Chatham/Challenger project (Ministry for Primary Industries, Department of Conservation, National 
Institute of Water & Atmospheric Research, and Land Information New Zealand) (B) Photographs of the 
coralline recruits on experimental tanks: light levels high to low (top to bottom). Right column ambient and 










Figure 4.3: Effects of the combination of low pH and daily light dose on the mean number of coralline algal 
recruits (A), average recruit size (B) and total covered area (C). Treatments sharing the same letters are not 










The present study is the first to demonstrate that the negative impact of OA on temperate coralline 
recruitment is modulated by light availability, and that environmentally relevant low light levels can 
exacerbate the detrimental effects of OA. Ocean acidification and low light acted synergistically to 
reduce recruitment of corallines, and the negative effects of OA on growth of early coralline crusts 
were strengthened under low light. Coralline algae may not only be at greater risk of suffering from 
OA at depth or in high latitudinal habitats where light is often limiting, but also in environments 
where the light climate is compromised by human activities, during storm events or in winter 
(Hepburn et al. 2011; Desmond et al. 2015), when the majority of the reproductive activity takes 
place (Edyvean and Moss 1984; Chamberlain 1987; Chapter 2). Given that coralline algae are the 
deepest occurring macrophytes (Littler et al. 1985), it is likely that reduction or loss of recruitment 
in low light habitats due to OA has the potential to cause shoaling of coralline distribution and 
ultimately of the photic zone.  
The duration and frequency of low-light periods may be variable between habitats, but both are 
likely to increase with anthropogenic activity. Land clearing for farming, timber production and 
urban development, wastewater discharge as well as dredging can increase sediment and nutrient 
loading of rivers and consequentially, directly and indirectly increase turbidity in the coastal seas 
(Walling 2006). Combined, these factors may severely alter the light climate of coastal waters, 
changing light quality and quantity as well as creating prolonged periods of light limitation 
(Desmond et al. 2015). Sediment input from river load has been associated with shoaling of the 
photic zone in the Great Barrier Reef, effects that extend up to ∼80 km from the coast (Fabricius 
et al. 2014). Even in tropical, high-light environments suspended fine sediment resulting from 
dredging has been shown to decrease light availability for multiple days to levels even lower than 
those found at our field-site and used in our study (Jones et al. 2015; Fisher et al. 2015). Fully 
developed crusts of the tropical coralline algal species Porolithon cf. onkodes experience partial 
mortality and discolouration below a daily light dose of 0.4 mol photons m−2 d−1. However, in the 
present study the coralline recruits were able to settle and grow under as little as 0.17 and even 0.1 
mol m−2 d−1 in the ambient treatment. This shows that the coralline communities were adapted to 
the light treatments used, which were derived from field data and are representative for temperate 
systems (Lüning and Dring 1979; Alexandridis et al. 2012; Pritchard et al. 2013; Desmond et al. 
2015), and deep water zones. Studies on OA responses in relation to PAR are rare and focussed 
on mature, high-light, tropical, coralline species (Dutra et al. 2016; Comeau et al. 2016) and 
therefore likely underestimate the impact of OA in low-light environments. Ordoñez et al. 




(Ordoñez et al. 2017) found an increase in the abnormal development of sporelings exposed to 
lower light in the tropical, high-light adapted P. onkodes, at light levels 5-times higher than this study. 
While this may explain sensitivity of early coralline algae development, their finding did not 
translate to PAR related changes on recruitment success or the total area covered by the recruits. 
Similarly, at tropical CO2 vent sites stronger reduction of crustose coralline algae cover was found 
on the shaded undersides of settlement tiles compared to their top sides (Fabricius et al. 2015); 
thus, corroborating the findings of the present study on the differential susceptibility of coralline 
algae recruits to reduced PAR under lowered seawater pH across a range of habitats.  
At depth, coralline communities are often dominated by thinner coralline crusts (Steneck 1985), 
where they are more often exposed to less light or even full darkness at times. While early life stages 
in macrophytes often are described to be the most vulnerable life stages (Vadas et al. 1992), in 
coralline algae there is a knowledge gap concerning the differential susceptibility of recruits and 
adult coralline algae. This study aligns with other studies that primarily found negative impacts of 
OA on the early life stages of coralline algae (Kuffner et al. 2008; Russell et al. 2009; Bradassi et al. 
2013; Ordoñez et al. 2017), but few have compared adult corallines and their recruits. In tropical 
coralline species a higher susceptibility of thinner, early successional species to increased pCO2 
levels compared to thicker, encrusting coralline taxa was found (Doropoulos et al. 2012). These 
thin, early successional coralline algae taxa, similar to recruits, may have limited storage capacity 
for photosynthates and hence may increasingly suffer from energetically costly, dynamic 
calcification and dissolution processes caused by reduced seawater pH (Bradassi et al. 2013), and 
further aggravated by low PAR availability as shown in this study. Earlier findings on Arthrocardia 
corymbosa, an articulate coralline alga abundant in our study area, showed no effect of pH(T) 7.65 on 
number of recruits (Cornwall et al. 2013b) and mean crust size but reduced growth rates (Roleda 
et al. 2015) were observed. Roleda et al. Roleda et al. (2015) concluded that adult specimens were 
more sensitive to low pH and pH variability than the newly recruited individuals. The daily light 
dose used in their study exceeded ours by more than double, which may partly explain the 
difference in their observations. Additionally, the present study focused exclusively on younger 
stages of coralline algae which were assessed on a community level. It cannot be ruled out that 
within the recruits from this community, which showed a significant response as a whole, individual 
species may display differing responses to altered pH and PAR.  
The observed changes in recruitment in the present study are likely a result of direct effect on the 
recruits such as changes in spore adhesion strength (Guenther et al. 2018), abnormal development 
of sporelings (Bradassi et al. 2013; Ordoñez et al. 2017) and reduced growth rates (Ordoñez et al. 




2019), calcification or mineral composition (Bradassi et al. 2013; Roleda et al. 2015) and indirect 
effects resulting from the parental coralline community in response to OA. Differential 
susceptibility of coralline species to OA have been reported (Noisette et al. 2013; Fabricius et al. 
2015) that could  potentially affect community composition. The parental communities present in 
this study were likely highly diverse, with an estimated 33 coralline taxa for the study site (Twist et 
al. 2019), thus even a small shift in community composition could affect recruitment patterns. 
While there is limited understanding how light reduction affects coralline reproduction, reduced 
spore germination and survival has been associated with lowered light availability in some coralline 
algae (Ichiki et al. 2000; Ordoñez et al. 2017).  The temperate coralline algae Lithophyllum stictaeforme 
(Rodríguez-Prieto 2016) exhibited delayed spore release under lowered light, and Jones and 
Woelkerling (Jones and Woelkerling 1983) described a lack of conceptacle development in the 
temperate coralline Fosliella cruciata when light was lowered to levels similar to our treatment levels. 
Together with energetic constraints resulting from reduced light availability these indirect and 
direct effects likely interact, but the contribution of each factor as well as the physiological 
mechanisms behind these observations warrant further investigation.  
 
The interactive effects of reduced pH and low light on coralline recruitment may be of particular 
importance in temperate waters of higher latitude, such as in New Zealand, where coralline 
communities are diverse (Twist et al. 2019) and important contributors of algal biomass in most 
subtidal habitats (Shears and Babcock 2007) covering the majority of the available space (Shears 
and Babcock 2004, 2007; Hepburn et al. 2011). Not only are coastal sites likely to be subjected to 
OA in the future, but some habitats already experience periods of reduced pH associated with 
natural variability (Cornwall et al. 2013b; Vance et al. 2020). At this study site (Te Awa Mokihi/ 
Butterfly Bay) drops as low as pH(T) 7.80 (Vance et al. 2020) and even as low as pH(T)  7.45 (Chapter 
2) have been recorded. This is in line with other coastal systems where diurnal pH changes of up 
to 0.5 units have been observed (Duarte et al. 2013). While pH treatments in the present study 
were constant, this is unlikely to occur in near shore environments, such as the collection site. 
Increased susceptibility to pH fluctuations, which have been reported in both a tropical and a 
temperate coralline alga (Cornwall et al. 2013b; Johnson et al. 2019), may further impact the 
recruitment processes in coralline communities. While recruitment of coralline algae is thought to 
peak in the winter months in the northern hemisphere (Edyvean and Moss 1984; Chamberlain 
1987; Adey et al. 2013), seasonal patterns of coralline recruitment in the southern hemisphere and 
associated environmental variability have not been established. Understanding seasonality of 
recruitment combined with a better understanding of differential susceptibility of different 




coralline life stages to pH, in respect to the light environment, may help to better predict 
vulnerability of coralline habitats to OA.  
 
Change in coralline recruitment patterns will have broader implications for the ecosystem services 
they provide. Coralline communities consolidate reef structures and are associated with high 
biodiversity,  providing settlement cues to multiple invertebrate taxa (Nelson 2009) and are large 
contributors to deep-water primary production (Steneck 1986). Dominance of coralline algae 
increases with depth (Figueiredo and Steneck 2000; Hepburn et al. 2011), where light is the primary 
limiting factor for productivity and algal growth.  Our study suggests that light availability can 
modulate the responses of coralline algae to environmental stressors such as OA. In the present 
study coralline recruitment was reduced by 56 % under low pH and this effect was amplified in the 
intermediate light treatment and at the lowest light treatment recruitment almost halted. 
Furthermore, light reductions added to the negative effects of reduced seawater pH on the size 
and cover of recruits. These findings in combination with existing literature (McCoy and Kamenos 
2015) on the negative impacts of OA show that coralline algae may increasingly struggle to colonise 
and consolidate new substrate in the future and that this may be exacerbated in low light habitats. 
The persistent decline in seawater pH may put additional pressure on coralline communities at 
their photic limit and thus could lead to shoaling of coralline distribution limits.  The present 
findings may play an important role in prediction and management of OA impacts on coralline 
habitats. This study shows that there is need to consider low light zones in OA management 
strategies, but also that local management of the light climate through reduction of nutrient and 
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Figure 5.1: Image of the facility housing the experiments at NIWA, Wellington. In the header tanks (blue 
bins, left) CO2 levels are controlled and treatment containers are underneath individually supplied by these 
header tanks.   
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5.1  Introduction 
Water motion is a key factor for macroalgal productivity (Leigh et al. 1987; Hurd 2000) and 
metabolic processes such as photosynthesis and nutrient uptake are dependent on it to regulate 
the flux of substances to and from the tissue surfaces (Hurd 2000). Mainstream seawater velocities 
are typically reduced by kelp forest canopies (Jackson and Winant, 1983; Gaylord et al., 2007; 
Rosman et al., 2010) and the understory macroalgal canopy (Johnson, 2001; Cornwall et al., 2013), 
effectively decoupling these systems from the mainstream seawater. Not only does the physical 
presence of macroalgae attenuate water velocity, it also modifies the chemical microenvironment 
around the individual (Cornwall et al. 2015; Hurd 2015). Under these conditions, a velocity gradient 
is formed between the stationary water-object interface and the mainstream seawater, creating a 
velocity boundary layer (Prandtl and Betz 1927; Vogel 1981). Dissolved substances move by 
diffusion across the laminar sublayer of the velocity boundary layer and this region is called the 
concentration boundary layer (Nishihara and Ackerman 2007). The flux of substances across the 
concentration boundary layer depends on seawater velocity near the surface of the solid (Vogel 
1981), with higher flow rates decreasing the thickness of the concentration boundary layer. In the 
boundary layer, metabolic activity of the organism can change the immediate water chemistry 
through uptake or release of dissolved substances, such as photosynthesis whereby pH and O2 
levels are elevated in comparison to the surrounding seawater (Nishihara and Ackerman 2007; 
Cornwall et al. 2013a, 2015). Cornwall et al. (2013a) show that reduced water flow resulting from 
the physical presence of canopy algae reduced seawater velocity at the surface of coralline algae 
assemblages. Even within the confined and tidy environment of an experiment tank, water velocity 
affecting the boundary layer of housed corallines may be very localised with variations in mixing 
and turbulence unaccounted for. A general trend towards higher or lower flow rates and thus 
boundary layer thickness should be achievable by adjusting the water exchange rate and water 
movement speed at the tank inflow. 
 
The understory of rocky reef systems and kelp forests in southern New Zealand is dominated by 
coralline algal communities (Shears and Babcock, 2007; Hepburn et al., 2011). Important 
ecosystem services, such as sediment export, reef consolidation or provision of habitat and 
settlement cues to associated biota are provided by these calcifying red algae (Nelson, 2009), which 
often occur under macroalgal canopies. Not only are coralline algae ubiquitous ecosystem 
engineers, but they have been identified as some of the most vulnerable organisms to ocean 
acidification (OA) (Kroeker et al. 2013a). 




The response of organisms, in particular corals and coralline algae to OA, is modulated by other 
abiotic factors such as light (Comeau et al. 2014a), temperature (Martin et al., 2013) or water 
motion (Comeau et al. 2014b; Cornwall et al. 2014). While water motion is an important factor for 
macroalgal productivity, few studies have focussed on the interactive effects of water flow and OA 
on coralline algal growth and calcification, and these studies have reported contrasting results. 
Cornwall et al. (2014) compared the impacts of reduced seawater pH on growth and calcification 
of the temperate coralline alga Arthrocardia corymbosa in stirred and unstirred treatments. When 
water motion was reduced and the concentration boundary layer thicker, no difference between 
the ambient and reduced seawater pH treatments were found, while in stirred treatments OA 
negatively impacted growth and calcification rates (Cornwall et al. 2014). These findings support 
the hypothesis of slow flow habitats acting as a refuge for calcifiers under OA (Hurd, 2015) for 
this species. In contrast, Comeau et al. (2014, 2019) investigated different flow velocities on 
tropical and subtropical coral and coralline algae and found no ameliorating effects of reduced 
water velocity, which they partially attributed to increased nutrient limitation in oligotrophic coral 
reef systems under slower flow. 
 
5.1.1 Objectives 
In southern New Zealand, coralline communities are diverse (Twist et al., 2019) reach extensive 
cover (Shears and Babcock, 2007; Hepburn et al., 2011). Thus, the present study aims to increase 
the understanding of the potential of reduced water flow to buffer the effects of OA on early 
successional (< 1 year), temperate coralline assemblages to understand the broader implications of 
water flow and OA at the community level.  
 Here, early successional coralline communities (eight months old) growing on an artificial 
substrate were exposed long-term (220 days) to three flow rates (400, 200, 100 ml min-1) crossed 
with two seawater pH treatments (pHT 8.05 and pHT 7.65) to assess growth and photosynthesis of 
early successional coralline communities under these conditions. Furthermore, recruitment 
resulting from the incubated communities was assessed for changes in the number of recruits, 
average size and total cover of the recruits in response to the treatments.  
The tested communities were collected from a rocky reef environment at two depths (2 and 10 m) 
within a kelp forest typical for the region (Hepburn et al. 2011; Desmond et al. 2015). The micro-
topography of the benthic environment and the surrounding canopy causes large variations of 
flow velocities on small scales (Carpenter and Williams 1993; Hart et al. 1996). Thus, coralline algal 
Chapter 5: Impact of OA and water flow on coralline algae communities 
96 
 
communities may overall experience a wide range of environmental water velocities. The metabolic 
activity of the surrounding canopy in combination with the hydrodynamic properties of this bay 
result in large daily fluctuations of the surrounding seawater pH, with the annual average seawater 
pH reported as pHT 8.07 and pHT 8.05 for 2 and 10 m, respectively (Compare Chapter 2). While 
the average pH at both sites is close to the open ocean pH (Law et al. 2018), the pH environment 
is highly variable (Cornwall et al. 2013b; Vance et al. 2020). For a detailed description of the local 
pH environment at the collection site, refer to Chapter 2. Coralline algae may be subjected to these 
fluctuations, but estimates of the local pH environment surrounding them in situ is difficult as the 
chemical conditions in the concentration boundary layer may be decoupled from the surrounding 
seawater (Hurd et al. 2011; Cornwall et al. 2013a).  
  
Based on the overall negative impacts of OA on coralline calcification and growth as reported in 
the literature, it was hypothesised that:  
 
(1) The reduction in seawater pH will result in reduced coralline algal growth. It was expected 
that photosynthesis and respiration would be unaffected by the pH treatments, as the 
literature supported mixed, species-specific responses for both parameters (Noisette et al. 
2013; Martin et al. 2013a; Comeau et al. 2018; Ordoñez et al. 2019); 
 
(2) The reduction in growth and calcification due to lowered seawater pH will be modulated 
by flow, whereby reductions in flow lead to lowered pH impacts (Cornwall et al. 2014).  
 
Coralline recruitment has been shown to be susceptible to reduced seawater pH (Kuffner et al. 
2008; Bradassi et al. 2013; Ordoñez et al. 2019; Page and Diaz-Pulido 2020), while the role of flow 
in this context is less understood. Guenther et al. (2018) showed that OA can weaken and delay 
spore adhesion in the temperate Corallina vancouveriensis. In combination with the potentially OA 
ameliorating effects of reduced flow, it was further hypothesised that: 
 
(3) Recruitment will be negatively impacted by reduced seawater pH, and that these impacts 
may be stronger in the higher flow treatments.   
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5.2 Methods  
5.2.1 Material collection 
Field research occurred at Butterfly Bay, Karitane/Huriawa Peninsula, Otago (45°38´20.58´´S, 
170°40´19.38´´E). A detailed description of the site can be found in Chapter 2 and in the 
Introduction of Chapter 3. This site is typical of temperate kelp forests along the east coast of the 
South Island of New Zealand and is dominated by coralline communities from the shallows down 
to the deep subtidal (Hepburn et al. 2011; Pritchard et al. 2013; Cornwall et al. 2013b; Desmond 
et al. 2015, 2017). A total of 144 polyethylene plates (⌀ 48 mm), attached to two leaded ropes, were 
placed underneath the natural macroalgal canopy at 2 m and 10 m depth. Plates were deployed in 
August 2016 (winter) and removed after eight months in April 2017 once coralline cover had 
developed (autumn). After a three-day incubation period at the Portobello Marine Laboratory, 
Dunedin, plates were transported to NIWA, Wellington. Plates were wrapped in damp cloth, 
placed in an insulated, chilled container and transported to the laboratory within four hours. Each 
plate was gently cleaned using a toothbrush to remove epiphytes, sessile invertebrates, and other 
algae from the adult coralline crusts before the experimental treatment (see section below). Plates 
were kept in the treatment conditions for a total of 220 days (seven months) from 14 April to 20 
November 2017.  
Throughout this time the coralline communities recruited into the containers and settled onto the 
container walls. Henceforth, coralline communities established in the field growing on the plates 
will be referred to as established coralline communities. The recruitment resulting from these 
communities settling on the container walls will be referred to as recruits. Detailed changes in 
species composition of established communities and recruits were not examined due the high 
diversity in coralline species occurring around the South Island of New Zealand (Twist et al. 2019) 
and the necessity for destructive sampling methods needed for DNA based identification. While 
initial attempts at morphometric identification were trialled, they proved to be uninformative, 
especially as consensus for the need of DNA based methods for the reliable identification of 
coralline species is emerging (Nelson et al. 2015; Hernandez-Kantun et al. 2016; Gabrielson et al. 
2018). 
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5.2.2 Experimental set up 
The experiment was conducted in a temperature-controlled containment room and detailed 
description of the facilities and the OA set up can be found in Chapter 3.  Seawater was supplied 
from Evans Bay, Wellington Harbour, chilled to 10 °C and filtered to 1 µm, which is smaller than 
the average reported spore size for Rhodophytes (Ngan and Price 1979). This pre-conditioned 
seawater was then supplied to eight separate, insulated 60 L header tanks (610 x 405 x 420 mm), 
in which temperature and pH were adjusted to the required treatment levels. Throughout the study 
pH is measured and reported on total scale (pHT) unless specified otherwise.  Adjustment of the 
low pH treatments was achieved by diffusion of food-grade CO2 into the respective header tanks 
through coiled, thin-walled silicone tubing connected to two-way solenoid pinch-valves (BioChem 
Fluidics, 100P3MP24-02S). A Sensorex S150 polycarbonate probe provided pH measurements 
and temperature was adjusted through submersible 500W aquarium heaters (Aquamanta GH500), 
measured with a precision PT100 temperature probe. Temperature and pH measures were directly 
controlled through Jumbo dTrans pH 02 industrial controllers, and paramters were logged and 
monitored by a dedicated ‘Control’ LabView® computer server. Additionally, pH was 
spectrophotometrically measured for each header tank four times per day using a separate 
LabView® based auto-sampling system. The pH probes were calibrated with Tris and 2-
aminopyridine buffers, prepared according to Dickson et al. (2007). Levels for the pH treatments 
were selected to reflect the mean pH levels within the kelp forest at pHT 8.05 (unmodified) for the 
present-day scenario and lowered to a pH of 7.65. This value, albeit slightly lower than end of the 
century predictions for the open ocean (Bindoff et al. 2019), is within the natural range occurring 
in situ and thus frequency and duration of pH levels similar to the treatment level are likely to 
increase with increasing pCO2. Furthermore, it allows for comparison with other studies as it is a 
commonly used value for OA perturbation experiments (e.g. Cornwall et al. 2014; Roleda et al. 
2015; Espinel-Velasco et al. 2020).  
 
Following the best practice guide (Dickson et al. 2007), total alkalinity (AT) was analysed from 
monthly water samples (1 L) via closed cell potentiometric titration. Samples from each header 
tank were taken and preserved with four drops (≈ 200 µl) of saturated HgCl2 solution. The 
accuracy of the method was estimated to be ± 0.7 µmol kg-1 based on reference material provided 
by Andrew Dickson (Scripps Institution of Oceanography). Saturation states of aragonite (Ω Ar) 
and calcite (Ω Ca) and the pCO2 at experimental temperatures and salinity were calculated from 
the average measured sample pHT and AT using the seacarb package (version 3.2.11) in R  (R Core 
Chapter 5: Impact of OA and water flow on coralline algae communities 
99 
 
Team 2018) with the constants of Mehrbach et al. (1973) refitted by Dickson and Millero (1987) 
following analytical methods detailed in McGraw et al. (2010). 
 
Plates from both depths were randomly assigned to one of six treatment levels and placed together 
in one treatment container. Three water flow/exchange treatments (inflow of 400, 200 and 100 ml 
min-1) were crossed with ambient (unmanipulated, pHT 8.05) and high pCO2 levels (pHT 7.65) in a 
nested factorial design, resulting in six treatment combinations and a total of 24 x 2 L treatment 
containers (173 x 173 x 87 mm). Due to misalignment in the set-up, uneven replication occurred 
between treatments with a minimum of three and a maximum of five replicates for some 
treatments (number of measures used for analysis is given in all graphical outputs). Flow treatments 
were achieved by constricting the maximum water inflow through standard laboratory pipette tips. 
Pipette tips were cut to a specific length, thus constricting the orifice, and inserted into the silicone 
tubes supplying the container to adjust for the required water flow level. The water in- and out-let 
were positioned to flow over the plate surface and provide visible water motion on top of the 
plates (see schematic drawing Figure 5.2).  Food dye was used to assess water velocity through 
video analysis and estimated at 7.8, 5.9 and 2.7 cm s-1 for the high, medium and low flows, 
respectively. The coralline communities were cultured at 12 ˚C and 18 µmol m-2 s-1, on a 12:12 
light:dark cycle using one Philips fluorescent light (TLD 58W/865, ‘Cool Daylight’) measured with 
a Biospherical QPSL-2200 Scalar PAR Sensor. Plates and containers were gently cleaned every two 
weeks using a brush to remove fouling communities, while preserving the developing coralline 
recruits on the container walls. Blank plates were placed in treatment containers to monitor for 
recruitment not originating from the source population. No settlement of corallines was observed 
on these plates during incubation throughout the experimental period. 
 
  







Figure 5.2: (A) Schematic drawing of one treatment container. Water flow is indicated by the blue arrows 
and was directed over the surface of the plates encrusted with the established coralline communities 
mounted in the containers. In flow was lower positioned compared to outflow to ensure steady water 
exchange. (B) comparison of two plates before (left) and after 220-day incubation (right). The top row has 
less than 29.8 % of available space and the bottom row more than that. This was the chosen cut-off value 
as growth seemed to be space-limited on plates with high coralline cover.  
  
A B 
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5.2.3 Biotic responses 
5.2.3.1 Growth of established coralline communities 
Plates from both depths were photographed at the start and the end of the experiment and 
photographs were processed as outlined in Chapter 3. Photographs were analysed using the open 
source, machine-learning tool ILASTIK (version 1.3.2). The program was trained on a total of 30 
selected images to recognise 7 different features making up 100 % of the cover. The selected 
features were macroalgal cover, coralline cover, bleached coralline cover, empty space and “other”, 
which comprises a mix of bryozoan/polychaete cover. For details on the ILASTIK workflow refer 
to Chapter 3. After training the software to automatically batch process the images, it produced 
grayscale image segmentations of the features. These segmentations were exported to Fiji/ImageJ 
(1.52i) (Schindelin et al. 2012) where the areas were automatically analysed using a custom macro-
script creating text files for every image with total cover of the respective features. Further 
processing was done in the R environment (R Core Team, 2018), where text files were combined 
and percentual change between start and end of the experiment calculated. Growth was measured 
as change of percent cover between the two time points.  
 
Fv/Fm 
At the end of the experiment, all plates were dark adapted for a minimum of 20 minutes before 
Fv/Fm was determined using a Pulse Amplitude Modulated (PAM) fluorometer (Diving-PAM, 
Walz, Germany, red light emitting). Measuring light intensity was set to four, damp and gain to 
two, the saturation pulse intensity to six and the pulse width to 0.6 and, where possible, three 
measurements were made on different coralline crusts on each plate to assess health of the coralline 
communities. 
 
Net-production and respiration 
At the end of the experiment, photosynthesis and respiration were measured on 22 randomly 
selected plates from 10 m depth, with 3–4 plates for every treatment combination between pH 
and flow rate. Each plate was placed in an individual custom made 100 ml acrylic chamber, and an 
additional blank plate was used as a control. The chambers were filled with filtered (1 µm), O2 
depleted (≈50 % air-equilibrated, Pritchard et al., 2013) seawater and all incubations were 
performed at 12 ˚C and 18 µmol m-2 s-1 using a Philips fluorescent light (TLD 58W/865, ‘Cool 
Daylight’). The plates rested on a ledge 1.5 cm above the bottom of the chamber to allow for the 
placement of a magnetic stir bar underneath. The chambers themselves were placed in a water 
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bath on top of a custom built six-way magnetic stirrer plate (400 mm x 300 mm). Oxygen evolution 
was measured with a fibre-optic sensor system (OXY-1 SMA). The measurements were 
temperature-compensated and taken using fluorescence from a PreSens Oxygen Sensor Spot (SP-
PSt3-NAU) mounted on each chamber wall (FibOx sensor, oxygen meter and fluorescent spots 
PreSens Precision Sensing GmbH, Regensberg, Germany). Net-production and respiration rates 
were calculated as µmol O2 h
-1 and standardised to coralline algal surface area (Martin et al. 2013a).  
  




During the experiment, the established coralline algae on the plates reproduced and recruited onto 
the bottom of the treatment containers. Throughout this chapter, the terms recruitment and 
recruits will refer to these developing coralline crusts. At the end of the experiment, treatment 
containers were photographed as described above. All photographs were batch processed to 
optimise exposure and colour using Adobe Photoshop CS4 and total area covered by the recruits 
was measured using the built-in Photoshop analysis function. Count data were obtained manually 
from the same images.  
 
5.2.4 Statistical analysis 
A mixed-effects model analysis was performed on coralline algal growth and recruitment data as 
well as other growth measures taken from plates using the lme4  library (Bates et al. 2015) to test 
the two fixed factors “seawater pH” (two levels) and “Flow treatment” (3 levels). The  p-values 
for the main effects were obtained using the lmerTest package (Kuznetsova et al. 2017), with 
exception of the recruitment counts where likelihood ratio test analysis (LRT) was performed. 
Contrasts between treatment levels were assessed using Tukey HSD and the glht function of the 
multcomp library (Hothorn et al. 2008). Model assumptions were assessed visually, with post-hoc 
examination of the data revealing no divergence from homoscedastic and normality assumptions. 
For details on the individual analyses performed as well as transformations and the random factors 
used in the respective analyses refer to the sections below. All statistical analyses were performed 
in R, version 3.5.1 (R Core Team 2018)  in the RStudio environment, version 1.1.447 (RStudio 
2015).  
 
Growth of established coralline communities 
Only plates with more than 29.8 % of empty space were included in the analysis for coralline algal 
cover. The cut-off point was chosen as it represents coralline growth up to the 3rd quartile, thus 
ensuring that space limitation did not impact growth patterns (Figure 5.2B, Appendix Figure A4.1). 
Coralline growth data were left untransformed for analysis. Bleached area was standardised to 
coralline algal cover, instead of total area. Bleached area estimates were untransformed and data 
of non-calcifying algae cover was box-cox transformed using the car package (Hothorn et al. 2008). 
In all models, two random factors were chosen: “pH: Header” tank to account for the nesting of 
pH treatments within header tanks and “Depth: Tank ID” to account for culturing of plates from 
both depths in the same tank. 





Net-Production and respiration of established coralline communities 
Normality and homoscedasticity assumptions were tested for net-production and respiration data 
using Shapiro‐Wilks' and Bartlett's test. Homoscedasticity assumptions were not met for net-
production data. Thus, a nonparametric Kruskal-Wallace rank sum test was performed to check 
for the influence of pH in the respective flow treatments. The effects of flow were separately 
assessed for both pH treatments with a Kruskal-Wallace rank sum test followed by a Dunn's test. 
A two-way analysis of variance (ANOVA) was used to test for effects of pH and flow treatments 
on respiration, which did not violate normality and homoscedasticity assumptions.   
 
Recruitment  
Using generalized linear mixed-effects models (glmer function) recruitment, count data expressed 
as number of recruits was analysed assuming Poisson error distribution. Total area data was box-
cox transformed using the car package (Hothorn et al. 2008). In both analyses pH and Flow were 
used as fixed factors and “pH: Header Tank” as a random factor to account for the nesting of pH 














5.3.1 Set up 
In the header tanks, pHT averaged 7.65 ± 0.01 (mean ± s.e., n = 4) and 8.05 ± 0.01 (mean ± s.e., 
n = 4) over the treatment period of 220 days (standard error was lower than the minimum 
measurement error of 0.01 using purified dye), with an average temperature of 12.4 °C ± 0.003 
(mean ± s.e., n = 8) calculated from the header tank measurements. AT averaged 2254 ± 3.7 µmol 
kg−1 (mean ± s.e., n = 8) for all treatments. Dissolved inorganic carbon (DIC) concentrations were 
2064 ± 8.6 and 2204 ± 6.1 (mean ± s.e., n = 4) and pCO2 was 404 ± 15.3 µmol kg
−1 and 1065 ± 
17.6 µmol kg−1 (mean ± s.e., n = 4) for the ambient and the reduced pH treatments respectively. 
Calculated carbon parameters from pHT and AT for the treatments are summarised in Table 5.1.  
 
5.3.2 Growth of established coralline communities 
 
At the start of the incubation period, coralline algal cover averaged 40 % ± 2.2 and 54.7 % ± 2.7 
of the plate surfaces for the communities from 2 m and 10 m, respectively. At the end of the 
experiment, plates from both depths covered an average of 56 % (ranging between 4 and 91 %) 
of the plate surfaces across all treatments. Closer inspection of the data revealed that coralline 
growth had been limited by space availability. Coralline growth ranged between - 41 and 47 %, 
with 90 % of all growth values under 29.8 %. On plates with more than 29.8 % of available space 
at the start, coralline growth was 60 % and 103 % higher, when compared to plates with less 
available space for 2 m and 10 m plates, respectively (Figure A4.1). Thus, plates with less available 
space (less than 29.8%) were excluded from the final analysis of coralline cover development. For 
the remaining variables, bleached coralline cover and non-calcifying algae, the full dataset was used 
as these were not impacted by space availability.  
 
Coralline community growth was greater on plates originating from 2 m collection depth 
(Depth: F(1,36) = 9.02, p < 0.01). The overall growth was 1.8 and 7.8 times greater when compared 
to communities from 10 m for the pHT 8.05 and pHT 7.65 treatments, respectively. Coralline 
growth was significantly affected by lowered seawater pH (pH: F(1,7) = 7.15, p < 0.05). The effect 
of seawater pH on growth was most pronounced in the slowest flow treatment. Plates from 2 m 
had a six times higher growth in the pHT 8.05 treatment than in the pHT 7.65 treatment, with a 
decline from 28.3 % ± 3.73 to 4.8 % ± 5.03 (mean ± s.e.). In the same flow treatment, communities 
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from 10 m depth responded with a decline of 8.4 % ± 4.92 in coralline algae cover under pH 7.65 
compared to a 15.6 % ± 6.45 (mean ± s.e.) increase in cover, equalling a 2.9-times greater growth 
in the present day scenario. For coralline communities from both depths, the overall difference in 
growth resulting from lowered pH was similar at ≈ 24%, but only communities from 2 m depth 
were able to sustain growth in the slow flow treatment. 
 
Coralline algal growth was significantly impacted by the flow treatments (F(1,42) =  4.07, p < 0.5),  
but the effect was different for the two pH treatments (Interaction: F(2, 42) =  4.51, p < 0.05). 
Growth in the pHT 8.05 treatments was overall similar between the flow treatments, with an 
average growth 24.5 % ± 2.54 in coralline communities from 2 m and 13.4 % ± 3.13 from 10 m. 
In the pHT 7.65 treatment, growth was lowest in the slowest flow treatment and increased from 
4.8 % in the lowest treatment to 18.3 % and 7.4 % in the intermediate and the highest flow 
treatments in the 2 m communities. Growth was significantly higher in the intermediate flow 
treatment when compared to the slow treatment (z = -3.344, p < 0.05), but there was no significant 
difference between the low and high flow treatment (Appendix Table A4.2).  Communities from 
10 m increased in growth from -8.4 % to a maximum of 18.3 % in the intermediate flow treatment 
(z = -3.344, p < 0.05) and reached 1.2 % in the high flow treatment. When comparing mean 
growth, there was no difference between the two pH treatments in the intermediate (z = 0.398, p 
> 0.5) and the high flow (z = 1.13, p > 0.05) treatments, but in the slowest flow treatment growth 
was significantly lowered (z = 4.07, p < 0.01). Similarly, coralline communities from 2 m only 
exhibited reduced growth in response to lowered seawater pH under the slowest flow treatment 
(z = 4.07, p < 0.01), but not in the intermediate (z = 0.39, p > 0.05) and high flow treatment 
(z = 1.13, p > 0.05).  
 
Average cover of bleached coralline algae was independent of pH (F(1,6 ) = 2.336, p = 0.09). While 
the effect of flow exhibited an interaction with the depth the communities were collected from 
(F(2,30) =  4.9, p = 0.09), both main effects were just outside of the significance level of p= 0.05. 
This interaction is likely explained with bleaching peaking at different flows for the different 
depths. Average coralline bleaching increased for communities from 2 m in the high flow treatment 
with an average of 8 % ± 7.4 and for those from 10 m at the lowest flow with 10 % ± 6.1.  None 
of the tested parameters had a significant impact on the development of non-calcifying algae 
present on the plates (Table 5.2).  
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Table 5.1: Mean seawater carbonate parameters (± s.e., n = 4) in both pHT 8.05 and pHT 7.65 treatments 









Figure 5.3: Effect of flow rate and pH on growth of established coralline communities. Growth, expressed 
as change in area over the 220-day incubation period, is presented as means ± s.e. for communities 
originating from 2 m (left) and 10 m (right) depth. Communities were cultivated under pHT 8.05 and 7.65 












Figure 5.4: Effect of flow rate and pH on area change of bleached coralline communities. Change in area 
over the 220-day incubation period, is presented as means ± s.e. for communities originating from 2 m 
(left) and 10 m (right) depth. Communities were cultivated under pHT 8.05 and 7.65 at three flow rates 
(presented on x-axis: 100, 200, and 400 ml min-1). Dashed line indicated no change in area. 
 
 
Figure 5.5: Effect of flow rate and pH on area change of non-calcifying algae. Change in area over the 220-
day incubation period, is presented as means ± s.e. for communities originating from 2 m (left) and 10 m 
(right) depth. Communities were cultivated under pHT 8.05 and 7.65 at three flow rates (presented on x-
axis: 100, 200, and 400 ml min-1). Dashed line indicated no change in area. 




Figure 5.6: Effects of seawater pH and flow rate on net-production of coralline communities. Average (± 
s.e.) net-production measured at the end of the 220-day treatment period from 22 individual incubations 
of coralline communities. Results from Kruskall-Wallis tests are presented in the plots. Statistical differences 
between group means are marked with the star (*) symbol. 
 
Figure 5.7: Effects of seawater pH and flow rate on respiration of coralline communities. Average (± s.e.) 
respiration measured at the end of the 220-day treatment period from 22 individual incubations of coralline 
communities. ANOVA analysis revealed no response of respiration to pH or flow treatments.  
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Table 5.2: Statistical comparison of the effects of flow and seawater pH on coralline growth, coralline 
bleaching, and the development of non-calcifying algae. F and p values were generated using Satterthwaite's 
method in lmerTest; Significant (p < .05) effects of seawater pH, flow treatments and collection depth and 
their interaction are denoted with star symbols/ n.s. = not significant. 
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5.3.3 Photosynthesis and respiration of established coralline 
communities 
Fv/Fm values for coralline crusts averaged 0.66 ± 0.07 and 0.65 ± 0.082 for communities from 
ambient and low pH treatment, respectively. No difference between the means of net production 
to any of the flow treatments were found (Dunn’s test p > 0.05). Plates from the two higher flow 
regimes exhibited similar net production in the two pH treatments (Kruskal-Wallis test p > 0.05), 
but under the lowest flow treatment net production was significantly lower for plates from the low 
pH treatment (Kruskal-Wallis test p = 0.02). No difference in respiration between the treatment 
groups for either flow or pH treatments were found (Figure 5.7). 
 
5.3.4 Recruitment  
The numbers of recruits at the end of the experiment were significantly lowered under reduced 
seawater pH (pH: χ2(1) = 12.64, p < 0.001) and increasing flow rate had a positive effect on 
recruitment number (χ2(2) = 268.78, p < 0.001). Whereby the numbers of recruits increased 2.2-
times from a total of 125 to 269 in the ambient treatment and by 1.8 times from 72 to 134 in the 
low pH treatment. The intermediate flow treatments did not significantly differ from the lowest 
flow treatment (Figure 5.8). The negative impact of pH increased by 8 % (Interaction: χ2(2) = 13.26, 
p < 0.01) between the slow and high flow treatments, whereby a 42 % and a 50 % decline in 
recruitment number was measured. 
 
Total cover increased with flow (Flow Rate: F(2,20) = 6.91, p < 0.001) seven-fold, from 2.6 % to 
18 % total cover in the ambient treatments and six-fold from 0.97 to 6.01 % in the pHT 7.65 
treatments. While total cover in the lowest and highest flow treatments were decreased by more 
than 65 % in response to the reduced pH treatments, the pH effect was just outside of the 
significance level of 0.05 (F(1,20) = 3.12, p = 0.09). Both tested models gave the same results with 
respect to the significance of the main effects pH and flow for recruitment number and total cover. 








Figure 5.8: Effects of the combination of seawater pH and flow treatments on the mean number of coralline 
algal recruits and total covered area (mean ± s.e.). Communities were cultivated under pHT 8.05 and 7.65 
at three flow rates (presented on x-axis: 100, 200, and 400 ml min-1). 
 
Table 5.3: Model outputs on recruitment number and total area covered by recruits. Likelihood ratio test 
were performed for the analysis of poison error distributed recruitment number data.  For total cover F 
and p values were generated using Satterthwaite's method in lmerTest; Significant (p < .05) effects of 
seawater pH, flow treatments and their interaction are denoted with star symbols/ n.s. = not significant.  
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5.4  Discussion 
5.4.1 Established coralline communities 
Communities from both collection depths exhibited a decline in growth in response to reductions 
of seawater pH, consistent with the response of many individual species of coralline algae 
previously examined (Diaz-Pulido et al. 2012; Noisette et al. 2013; Cornwall et al. 2013b; Kamenos 
et al. 2013). The present study emphasises the overall sensitivity of temperate corallines to OA at 
the community level.  
As hypothesised, the experienced flow, indirectly adjusted via the tank inflow and turnover rate, 
modulated coralline growth. Under the present-day pH scenario, flow treatments had little effect, 
while in the OA-scenario flow-dependent responses were evident. In this respect, growth of 
coralline communities was heavily reduced in the lowest flow treatment. In contrast, coralline 
growth did not exhibit the same decrease in response to increased pCO2 in the two higher flow 
treatments. This suggests that increased water flow decreased the sensitivity to OA. This 
contrasted the initial hypothesis that slow flow habitats may act as a refuge for coralline algae due 
to the capability to increase pH in the concentration boundary layer during the day through 
photosynthesis (Hurd 2015). Reduced water movement and thicker boundary layers ameliorate the 
negative effects of OA for an articulate coralline algae collected from the same region (Arthrocardia 
corymbosa) (Cornwall et al. 2014). These two studies seem to exhibit contradicting results, which 
may be explained by the difference in flow manipulations. Cornwall et al. (2014) used unstirred 
and stirred treatments to change boundary thickness and water was exchanged every ≈ 4.4 hours 
thus, likely breaking up the boundary layers in the unstirred treatments at these intervals and 
ensuring that both flow treatments received the same rates of nutrient delivery.  In the present 
study, water was supplied at a constant rate (400, 200 and 100 ml min-1) and it is likely that the 
presence of the boundary layers was more constant, even though boundary layer thicknesses were 
not measured. Here, slower flow treatments also likely received slower rates of nutrient delivery. 
This reduction in nutrient supply paired with consistently thicker boundary layers under slow flow 
could lead to nutrient limitation through mass transfer limitation.  
 
Comeau et al. (2019) suggested that declining calcification under reduced flow of 2.5 cm s-1, a 
velocity close to this study’s slow flow treatment, was likely linked to nutrient limitation. Coralline 
algae under OA undergo an energetically costly, dynamic calcification dissolution process (Bradassi 
et al. 2013), which could enhance nutrient demand. This could explain the lack of a flow effect in 
the present-day scenario, when assuming photosynthesis was saturated for CO2 under the given 
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light level. These results are consistent with the lack of a response to increased flow in A. corymbosa 
under present day pCO2 (Cornwall et al. 2014).  Under reduced seawater pH, growth increased 
steeply in the intermediate treatment and decreased in the highest flow treatment. This difference 
in growth in the two higher flow treatments could be explained by release from nutrient limitation 
at intermediate flow, while the boundary layers still allowed for metabolically induced upregulation 
of the pH at the surface. Further increases in flow may have led to a reduction of the boundary 
layer thickness and thus led to declining growth as the coralline algae were exposed to low pH in 
the fast flow under the OA treatment. Based on these findings, further work including nutrient 
manipulations and a wider range of water velocities will be needed to help disentangle nutrient 
limitation and OA effects on coralline algae.  
The present study shows a community wide net decline of photosynthesis in response to OA 
under low, constant flow. Lowered photosynthetic rates could lead to a lowered capacity to 
increase pH in the concentration boundary layer and the potential to buffer against dissolution in 
the light. This aligns with findings of Comeau et al. (2019) on Sporolithon durum. While pH was 
elevated slightly (max 0.2 units) in the concentration boundary layer under slow flow, the authors 
concluded that photosynthesis did not sufficiently elevate pH in the concentration boundary layer 
to provide a physiological benefit. However, direct comparison between a single species, such as 
A. corymbosa or S. durum, and the mixed, early successional communities present on the plates are 
difficult. These early developing communities exhibited predominantly lateral extension, thus likely 
showed high competitive interaction and succession on the artificial substrates (Adey and Vassar 
1975b; Steneck 1986) with tightly intertwined growing margins. It will be important to examine 
older, established communities, where vertical growth may be increased (Figure A5.1). Coralline 
species further vary in their response to biotic and abiotic factors such as pH, temperature and 
light (Adey 1970; Martin and Gattuso 2009; Noisette et al. 2013), but coralline species can also 
differ in their response as a result of local adaptation (Kolzenburg et al. 2019). Therefore, it is 
unclear whether observed changes in photosynthesis resulted from physiological impairment or 
changes in the coralline community composition.   
 
Increased bleaching in coralline algae in response to OA mostly been described to results from 
additional stressors such as increased temperature and irradiance (Martin and Gattuso 2009; Diaz-
Pulido et al. 2012). In the slowest flow treatment coralline communities from 10 m depth exhibited 
elevated bleaching, irrespective of the pH treatment, thus asserting that reduced flow induces a 
physiological stress. However, in all other treatments bleaching declined over time.  Temperature 
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and light levels used in this study were reflective of the in situ environment. The chosen incubation 
temperature was within the natural reported range and remained constant throughout the 
experiment (Chapter 2). While light levels were comparatively low for coralline communities from 
2 m depth, it would have still been in environmental range for the 10 m communities in summer, 
but a little outside the reported range of 0–12.5 µmol m-2 s-1 for the winter months (Hepburn et al. 
2011).  Furthermore, the light was assessed with a spherical PAR sensor, which makes comparison 
with measurements conducted with a planar sensor difficult as the spherical sensors overestimate 
irradiance in comparison to the planar sensors (Long et al. 2012). Thus, it is likely that the light 
levels experienced by the coralline communities were somewhat lower than reported (up to 40 %; 
pers. observation), thus putting them within the natural range at depth in winter. Thus, it is unlikely 
that bleaching was induced by light stress. 
 
Coralline species vary in their response to biotic and abiotic factors such as pH, temperature and 
light (Adey 1970; Martin and Gattuso 2009; Noisette et al. 2013), but coralline species can also 
differ in their response as a result of local adaptation (Kolzenburg et al. 2019).  This study showed 
a differential growth response of coralline communities with respect to collection depth. 
Communities from 2 m depth sustained growth, albeit reduced, while communities originating 
from 10 m exhibited net dissolution in the slowest flow treatment. 
It is very likely that plates originating from the two sampling depths differed in their species 
composition as southern New Zealand has a high diversity of coralline algal species, even at small 
spatial scales, with a  total of 122 identified coralline species (Twist et al. 2019). While the two 
collection sites were located in the same bay in close proximity (≈ 100 m), the biotic and abiotic 
environments over this depth gradient are different. At the 2 m depth, coralline algal communities 
develop on smaller boulders interspersed by sand and with dense macrophyte cover over the top 
(Hepburn et al. 2011). The biotic activity of surrounding kelp beds can lead to diurnal and seasonal 
shifts in localised seawater pH (Chapter 2). Thus, corallines growing within these kelp beds are 
likely exposed to more variable pH environments than coralline communities established at 10 m 
where the macrophyte cover is reduced and photosynthetic activity is lowered with increasing light 
attenuation. Environmental heterogeneity has the potential to influence the sensitivity of 
organisms to changing oceanic conditions (Boyd et al. 2016), but few studies have tested the 
potential for local adaptation of coralline species exposed to great environmental variability to 
withstand OA (but see: Noisette et al. 2013; Padilla-Gamiño et al. 2016; Cornwall et al. 2018). 
Padilla-Gamiño et al. (2016) compared biotic responses of populations of the temperate, articulate 
coralline algae Corallina vancouveriensis from habitats differing in pH variability to OA. Their results 
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showed overall reductions in growth, net and gross primary productivity in response to lowered 
pH, with reductions in primary productivity for populations previously exposed to pH as low as 
treatment levels less severely impacted. In contrast natural environmental pH variability did not 
convey increased tolerance to the impacts of OA in the tropical coralline Hydrolithon reinboldii 
(Cornwall et al. 2018). In the present study the low pH treatment used was at the extreme end of 
the natural experienced pH range of the 2 m site. Drops to pHT 7.8 for this site have been reported 
(Cornwall, Hepburn, McGraw, et al., 2013, Chapter 2) and even extreme events of pHT 7.45 
(Chapter 2) while the deeper site has a more stable pH environment. To conclusively differentiate 
the effects of species composition from effects of predisposition to environmental variability, 
future experimental work will be needed.  
 
For both depths, pH had no effect on non-calcifying algae. Increased availability of dissolved 
inorganic carbon in form of increased pCO2 and associated shift in carbon speciation has been 
shown to have variable effects on non-calcifying algae. These effects have been shown to be 
dependent on the dissolved inorganic carbon up-take process employed by the respective species 
(Hepburn et al. 2011; Cornwall et al. 2017b; van der Loos et al. 2019), as well as other 
accompanying abiotic factors such as light (Zweng et al. 2018) and water velocity (Ho and 
Carpenter 2017). The algae present on the plates failed to develop upright fonds over time and 
there was a trend towards higher growth under higher flow, but it is likely that the continued effort 
in plate cleaning could have impacted growth. 
 
5.4.2 Recruitment  
 
Early recruitment processes have been determined as critical developmental phases with increased 
vulnerability to environmental stressors (Vadas et al. 1992). While there is an increasing 
understanding of the impacts of OA on coralline recruitment (Bradassi et al. 2013; Cornwall et al. 
2013b; Ordoñez et al. 2017), water motion is an understudied factor in the early recruitment 
process of coralline algae in this context. Water motion plays an important role in timing of spore 
release of other macroalgae (Pearson et al. 1998; Gordon and Brawley 2004), but how this 
translates to coralline reproduction is unclear.  
Here, OA reduced recruitment numbers but did not have a significant effect on the total area 
covered by the recruits. Even though cover was reduced by more than 60 % in the highest flow 
treatment from the present-day to the reduced pH treatment, the effect was just outside of the 
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0.05 significance level. These observations are in contrast to a lack of measured effects in response 
to pH reduction on the recruitment of the articulate coralline algae A. corymbosa (Cornwall et al. 
2014). The present study was 220 days, while the study by Cornwall et al. (2014) was only 40 days. 
Changes of study outcomes have been previously associated with the duration of exposure, with 
some biotic parameters only showing effects after several months (Sordo et al. 2018). Thus, it is 
possible that changes in recruitment patterns could strengthen over time, which may explain some 
of the differences between the two studies. Furthermore, they used an irradiance level that was 
higher in comparison to the present study and light has been found to be an potential determinant 
in coralline recruitment patterns and spore development in response to OA (Ordoñez, Kennedy 
and Diaz-Pulido, 2017, see Chapter 3).  
 
Other studies have found links between OA and increased rates of abnormal spore development 
and mortality (Bradassi et al. 2013; Ordoñez et al. 2017) and reduced growth of early recruits 
(Roleda et al. 2015; Ordoñez et al. 2019; Cornwall et al. 2020).  
Spore adhesion strength was found to be compromised by OA in the temperate, articulate coralline 
alga Corallina vancouveriensis (Guenther et al. 2018). Reduced adhesion strength may have the 
potential to increase susceptibility of spore removal from the substrate by impacts such as 
increased water motion, however the present study found increased numbers settling in the higher 
flow treatments and lowered flow to amplify negative OA effects. It is likely that shear stresses 
were minimal at the bottom of the containers, where recruitment occurred, as most of the water 
flow was directed over the surface of the plates covered in the established coralline communities 
(Figure 5.2). Furthermore, coralline spores are negatively buoyant and large (Ngan and Price 1979; 
Steneck 1986), which makes it likely that spores had increased retention times at the bottom of the 
containers potentially counteracting any impacts on spore adhesion. Furthermore, flows in the 
field are highly variable and may exceed the chosen treatment levels (Gaylord et al. 2007; Kregting 
et al. 2008). While it cannot be excluded that cleaning resulted in increased removal of spores with 
weakened attachment strength, care was taken not to remove any visible recruitment at the two 
weekly cleaning intervals. Furthermore, Guenther et al. (2018) only tested spore attachment within 
a maximum of ten hours of spore release. Large differences in adhesion times and onset of 
calcification of spores have been described (Jones and Moorjani 1973) and it is unclear how this 
observed effect of reduced adhesion strength translates to other coralline species and evolves over 
time. Not only was recruitment reduced under lowered flow, but the overall cover reached by the 
recruits was lower. Water flow at the bottom of the containers under the plates was likely minimal, 
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leading to increased boundary layer build up and potential mass transfer limitations, which could 
explain the rapid decline in cover between the highest and the lower two flow treatments.  
   
This study focused on early successional stages of coralline development; thus it is unclear how 
these findings relate to older, established communities. Cornwall et al. (2020) found that the 
tropical Hydrolithon reinboldii has the potential to gain tolerance to low pH over multiple generations, 
which may offer some hope for the development of coralline communities in the future. 
Otherwise, the observed range of reductions in growth and recruitment in communities from both 
depths may have severe implications for the future of coralline communities in southern New 
Zealand, potentially reducing existing coralline cover at depth and affecting recolonization after 
disturbance events. Due to the taxonomic diversity and difficulties in identification of coralline 
algae, this study provided no information on the species composition of the examined 
communities and their specific growth responses. Thus, further investigation will be needed to 
disentangle the effects of OA and flow on species composition as well as individual coralline 
physiology. In agreement with work by Comeau et al. (2014, 2019) and Cornwall et al. (2014), this 
study underlines that water motion is an understudied environmental parameter that may play an 
important role in the response of coralline algae to OA. This study also shows that differences in 
water flow between various OA studies has the potential to impact their outcome. Furthermore, 
it highlights that effects of OA on coralline growth and recruitment may depend on the local flow 
environment and manifest differently for the respective coralline communities. Thus, it is 
important to examine and integrate the natural flow environment into OA experimentation in the 

















Figure 6.1: Three adult abalone/ paua (Haliotis iris) individuals on coralline dominated substrate (left, Image 
credit: Chris Hepburn). New Zealand rock lobster (Jasus edwardsii) hiding between rocks densely covered by 
crustose coralline algae (right, Image credit: Louise Bennett-Jones), both species are of high commercial 
and cultural value in New Zealand.   
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6.1 Spatiotemporal variations in seawater pH – What does it mean 
in context of ocean acidification? 
As global carbon dioxide (CO2) emissions are increasing and the global oceans continue to take 
up CO2 (IPCC, Bindoff et al. 2019), a need for long term monitoring of seawater pH is emerging. 
In contrast to the open ocean, near shore systems can exhibit relatively large spatial and temporal 
fluctuations of pH, which can lead to an increase in time needed to detect emerging long term 
changes (Hawkins and Sutton 2012). This information is an important as it gives context to short 
term experimentation, supplies baselines for future reference and informs and improves 
experimentation (Lovett et al. 2007). Using high resolution environmental data (every 30 minutes) 
collected in a kelp forest, typical for southern New Zealand (Hepburn et al. 2011; Desmond et al. 
2015), seasonality and patterns of pH, irradiance and coralline recruitment were described in 
Chapter 2.  These data were used to inform subsequent experiments for Chapter 3, Chapter 4 and 
Chapter 5.  
It was found that pH variability and the absolute range of pH values measured at the target site 
were higher than previously reported for temperate kelp forests from the northern hemisphere 
(Hofmann et al. 2011; Frieder et al. 2012; Kapsenberg and Hofmann 2016). The pH data exhibited 
considerable diel, and seasonal variation, attributed to the metabolic activity induced by the 
surrounding macrophytes. While in this study measures of dissolved oxygen were not included, 
tight links between photosynthesis, respiration and the diel fluctuations of pH were previously 
established for other regions dominated by benthic macrophytes (Hofmann et al. 2011; Frieder et 
al. 2012; Krause-Jensen et al. 2015; Kapsenberg and Hofmann 2016). In the La Jolla kelp forest 
(Hofmann et al. 2011; Frieder et al. 2012) a linear relationship between dissolved oxygen and pH 
was established (Frieder et al. 2012). The lack of diel pH fluctuations of the same range at 10 m 
depth, correlated well with lowered irradiance and biomass of primary producers at that depth, 
thus underpinning the important role of biogenic activity in near shore ecosystems in shaping the 
pH environment.  
Despite the proximity of the two monitoring sites, they exhibited unique patterns of pH variability. 
In a sub-Arctic fjord small scale variations in situ in the range of centimetres of up to 0.3 units have 
been observed, with lowered pH in the understory compared to the canopy top (Krause-Jensen et 
al. 2015), thus reinforcing the present observation of spatial heterogeneity of the pH environment 
at even smaller scales. 
The present study shows that at 2 m the pH dropped to levels predicted for the open oceans by 
the year 2100 (RCP 8.5 scenario) at night, with a few observations close to pH levels commonly 
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used in OA experimentation. This showed that treatment levels used in the following experiments 
(Chapter 3 to Chapter 5) are, albeit infrequent, within the natural range and are likely to become 
more frequent as mean seawater pH declines. While these measures were made in the water 
column, close to the bottom at each depth, coralline communities growing in the understory might 
be decoupled from these fluctuations due to boundary layer build up (Cornwall et al. 2013a, 2015; 
Houlihan et al. 2020). Coralline algae are able to increase pH in the light beyond the surrounding 
seawater pH in their boundary layer, and its thickness dependents on the flow velocity (Cornwall 
et al. 2013a, 2015; Hofmann et al. 2016, 2018; Comeau et al. 2019; Houlihan et al. 2020). In 
laboratory experiments by Cornwall et al. (2015) the surrounding canopy has been shown to 
physically alter the flow environment and consequentially allow corallines to increase the boundary 
layer thickness and locally change the pH. Thus, it remains to be examined how the interplay 
between water flow, physical presence of canopy algae and the metabolically induced changes of 
the bulk seawater will affect corallines in situ. 
While the experimental treatments in this study were constant, this is unlikely to be reflective of 
the natural environment. Results on pH variability and the sensitivity of coralline algae species to 
OA have exhibited contrasting responses (Rivest et al. 2017,  Chapter 1, Table 1.1) with positive 
(Johnson et al. 2014), negative (Cornwall et al. 2013b; Roleda et al. 2015; Johnson et al. 2019) as 
well as neutral outcomes (Cornwall et al. 2018). However, it remains difficult to mimic natural pH 
variability in experimentation, in particular when projecting into the future.  The studies 
summarised in Table 1.1 differed also in the pH range, mean pH and treatment length and other 
factors such as light and water flow, which could explain some of these conflicting outcomes. In 
coralline algae a connection between length of exposure to OA and differential outcome of 
experiments has previously been made (Sordo et al. 2018), whereby growth and photosynthesis 
was increasingly affected by longer exposure times (Ragazzola et al. 2013; Sordo et al. 2018). While 
many studies, in particular older studies examined OA effects over shorter (days, weeks) time 
frames (e.g. Gao and Zheng 2010; Büdenbender et al. 2011; Hofmann et al. 2012), the number of 
studies examining these effects over time frames for several month up to years is increasing (Martin 
and Gattuso 2009; Martin et al. 2013a; Sordo et al. 2018), which may increase comparability of 
results.  However, the effects of differences in light and flow between studies remain hard to 
estimate. The present result show that flow might be an important factor determining the outcome 
of OA studies on coralline algae, but the flow environment in previous experiments was poorly 
described making direct comparisons difficult. The results of this work also highlight the 
importance to accurately describe the light environment experienced by the source population as 
well as the experimental treatments.  
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Predictions for OA in near-shore coastal systems are inherently complex due to coastal marine 
systems being tightly coupled to the terrestrial environment (Duarte et al. 2013). Takeshita et al. 
(2015) combined pH sensor data for four distinct habitat types in the California Current System, 
with atmospheric CO2 predictions and hydrographic surveys to model pCO2 and pH for the year 
2100 that included high temporal pH variability. They predicted not only a lowered mean pH, but 
also an increase in the absolute daily and seasonal range of pCO2 and found pCO2 variability 
trajectories to be habitat specific. This underlines that inclusion of pH variability experimentation 
may be important to make better predictions, but to date most systems lack site specific data, 
including pH variability, to design realistic projections and treatments.  
The data presented in Chapter 2 provides a first step in this direction by providing a continuous 
record of pH data, of spatial and temporal resolution higher than previously available for this near 
shore coastal region (Currie et al. 2011; Vance et al. 2020). The data were collected as part of the 
New Zealand leg of the Global Ocean Acidification Observing Network (GOA-ON). This 
network has the aim to enable research by collecting quality assured data and making it available 
for public use (Newton et al. 2014; Vance et al. 2020), thus supporting a global effort in 
understanding the complexities of OA.  
 
6.2 Recruitment – disentangling direct and indirect effects of ocean 
acidification and modulating factors 
Coralline cover is a major contributor to total cover of rocky reef systems in New Zealand (Shears 
and Babcock 2007; Hepburn et al. 2011) and it has been shown that taxonomic diversity is high, 
with increasing diversity in the southern region (Twist et al. 2019). Despite the importance and 
abundance of coralline algae in this region, few studies have examined vulnerability of coralline 
algae from this area to OA, with a focus on the articulated coralline alga Arthrocardia corymbosa 
(Cornwall et al. 2013b, 2014; James et al. 2014; Roleda et al. 2015).  While consensus on the 
vulnerability of coralline algae to Ocean Acidification (OA) is emerging (Kroeker et al. 2010, 
2013a), experimental outcomes are not uniform. These differences have been largely attributed to 
differential susceptibility of coralline algae species to OA (Noisette et al. 2013; Martin et al. 2013a; 
Comeau et al. 2018; Ordoñez et al. 2019), but secondary stressors and/ or environmental variables 
may further impact the responses of coralline growth, calcification or photosynthesis to OA.  
 
The field observations from Chapter 2 supported winter productivity of coralline algae at this site, 
which has been described for a range of crustose coralline algae species from the northern 
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hemisphere (Adey 1965; Edyvean and Moss 1984; Chamberlain 1987). To test vulnerability of 
coralline communities and their recruitment to OA under three irradiance levels, reflective of the 
winter months at 10 m depth, a 220-day laboratory experiment was conducted. When exposed to 
irradiance levels commonly found at depth in winter, communities showed highest growth in the 
intermediate irradiance treatment.  No interactive effects of irradiance and lowered seawater pH 
were found on growth or photosynthesis of established coralline algae communities. Conversely 
negative, interactive effects on the number of recruits resulting from the coralline communities 
grown in these conditions was observed. In contrast to the growth response of the parental 
generation, exhibiting highest growth in the intermediate irradiance level, recruitment decreased 
with decreasing irradiance, with recruitment almost halted in treatments where the established 
parental communities continued to grow.  
 
Despite propagules often being the life stage most susceptible to mortality (Vadas et al. 1992), few 
studies have previously examined the vulnerability of early developmental stages of coralline algae 
to OA or the outcomes of reduced recruitment, as discussed in Chapter 4. The present study is 
the first to demonstrate that the negative impact of OA on temperate coralline recruitment is 
modulated by light availability, whereby light levels common during peak recruitment season can 
exacerbate the detrimental effects of OA. While these findings show that coralline algae in this 
region may be increasingly susceptible to OA when irradiance is reduced, this study did not 
examine whether these losses in recruitment result from direct or indirect effects of the treatments.  
 
Ocean acidification has been linked to a range of direct impacts on early coralline recruits such as 
decreased germination (Bradassi et al. 2013; Ordoñez et al. 2017), reduced growth (Bradassi et al. 
2013; Ordoñez et al. 2017, 2019) or increased abnormal development (Ordoñez et al. 2017).  
Information on the direct influence of irradiance on coralline recruitment in that context is even 
more scarce. It has been established for sporelings of Porolithon cf. onkodes, where lowered irradiance 
was related to increasing abnormal development of recruits, but it did not affect germination 
success (Ordoñez et al. 2017). 
 
Ocean acidification and irradiance could affect the reproductive output of the parental generation, 
indirectly impacting the recruitment. While there is little information on how OA impacts coralline 
and their generative output, irradiance has been shown to be an important determinant in 
reproduction for many macroalgae (Dring 1988) indirectly affecting survival and establishment of 
the next generation. However, there are few studies focusing on the impacts of irradiance and 
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photoperiod on the reproductive phenology in coralline algae. Potential mechanisms influencing 
reproduction, that have been previously examined in a variety of macroalgae, include photoperiod 
(Guiry and Dawes 1992; Rodríguez-Prieto 2016) as well as periodicity of photoperiodic treatments 
(Dring 1967), total daily dose (Chapman and Burrows 1970; Lüning and Neushul 1978) and red 
and blue light effects (reviewed in Dring 1988). This shows that the potential photo-controlling 
mechanisms inducing reproduction and thus indirectly impacting recruitment are complex.  This 
also highlights the need for further investigations including manipulations of day length and light 
dose on a range of coralline species to disentangle direct and indirect impact of irradiance and OA 
on recruitment and spore survival.  
Water flow, another potential modulatory factor that could be influencing the response of coralline 
growth and recruitment to OA, was tested and results reported in Chapter 5. Growth of established 
coralline communities from the field exhibited a parabolic response to reductions in water flow, 
thus showing that slow flow habitats may not act exclusively as refuges from OA. In contrast to 
already established coralline assemblages, decreased flow exacerbated the effects of OA on 
coralline recruitment. Both factors interactively lowered the number of recruits settling in the 
treatments. While the different response of the early recruits to the established communities may 
point towards a differential susceptibility to these two factors, the flow environment experienced 
by recruits might have differed as recruits established at the bottom of the treatment containers 
while the parental generation had water flow direct over the top of the surface. Thus, further 
investigation will be needed to elucidate the effect of water flow on different life history stages of 
corallines.  
The intermediate treatment resulted in no observable growth differences resulting from OA, while 
under the slowest flow growth declined in response to OA to the point of net dissolution. Despite 
the increasing awareness of water flow as a modulatory force in OA experimentation (Cornwall et 
al. 2014; Hurd 2015; Comeau et al. 2019), the flow environment and water turnover rate is still 
poorly described in many experiments. The present results underline the importance to include 
water motion, flow rate and water turnover in experiments to improve comparability between 
studies and allow for better predictions with respect to the natural environment.   
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6.3 Local and global threats to coralline algae – Management 
 
This work supports the mounting evidence for the overall sensitivity of coralline algae to OA. In 
the present study early successional coralline communities from southern New Zealand exhibited 
reduced growth and recruitment in response to lowered seawater pH. The present study further 
showed that decreased light availability, to levels currently experienced during some winter months 
at the study site (see Pritchard et al. 2013, Chapter 2) as well as other areas along the Otago coast 
(Desmond et al. 2015); has the potential to further increase the susceptibility of coralline 
communities to OA. 
 
Light limitation may additionally result in ecosystem effects that could indirectly alter the 
susceptibility of coralline communities to OA. It has been shown that the increased anthropogenic 
modification of coastlines in southern New Zealand correlates with decreased irradiance 
availability and depth distribution and standing biomass of macroalgal stands (Desmond et al. 
2015). Macroalgal beds and kelp forests such as the one at the field site, metabolically modify the 
pH environment and have been suggested to have the potential to provide refuge for marine 
calcifiers in the future (Cornwall et al. 2014; Hurd 2015; Murie and Bourdeau 2020). Where 
macroalgal cover is reduced due to coastal modification (Desmond et al. 2015) or depth (Desmond 
et al. 2015; Twist et al. 2020), this capacity to locally elevate pH may be lowered. However, 
increased algal respiration at night (Chapter 2, Frieder et al. 2012), lowered water exchange 
inducing mass transfer limitation (Stephens and Hepburn 2014) or canopy shading (Dean 1985) 
may also counteract these positive effects. It remains to be tested how these parameters interact in 
situ and how they may change OA outcomes for coralline algae. 
 
It was further observed that coralline communities from different habitats vary in their response 
to OA (Chapter 5). In slow flow treatments communities collected from a shallow habitat 
maintained a positive net tissue accretion, despite an overall decline in growth compared to 
communities cultured at ambient pH. In contrast communities from a deeper habitat exhibited net 
tissue decline (dissolution) under OA. This highlights that these deeper lying communities could 
be more sensitive to OA, in particular in interstitial spaces or on rock undersides, where reduced 
water flow coincides with low levels of irradiance. These cryptic habitats are of particular interest 
as they support juvenile abalone species, which are of high economic and cultural importance in 
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New Zealand (Roberts et al. 2004) as well as other parts of the world (Dixon et al. 2006; Takami 
and Kawamura 2018).  
 
This work shows that a variety of parameters may interact with OA, which have the potential to 
increase the vulnerability of this ecologically important algal group. Nutrient loading, sediment 
inputs, pollutants or physical disturbance as well as reductions in irradiance resulting from these 
sources are often very localised. Thus, the present findings offer an opportunity for meaningful, 
local management. Improving water quality, light availability and consequently maintaining 
macrophyte biomass and diversity could increase system resilience (Allison 2004; Folke et al. 2004) 
to “buy time” for global action plans.  
 
 
6.4 Coralline algae and ocean acidification – Ecosystem functioning 
Coralline algae are important ecosystem components acting as settlement cues for invertebrate 
larvae and providing habitat and protection (Nelson 2009; Espinel-Velasco et al. 2018) as outlined 
in the general introduction of Chapter 1. Despite the growing understanding of the physiological 
impacts of OA on coralline algae, there are only a few studies that explore species interactions 
such as settlement (Doropoulos et al. 2012; Doropoulos and Diaz-Pulido 2013; Espinel-Velasco 
et al. 2020), grazing (Johnson and Carpenter 2012; Legrand et al. 2019) and species interactions 
(Asnaghi et al. 2013; Short et al. 2014). While not part of this thesis, some of the work conducted 
on coralline growth provided the potential to examine one of these important functions in detail 
(Appendix 5). The coralline communities cultivated for Chapter 5 were used in a separate 
experiment to examine settlement success in the New Zealand abalone Haliotis iris under OA 
(Espinel-Velasco et al. 2018). Our results showed that settlement success was a function of carry-
over effects induced by the larval rearing history, rather than indirect effects resulting from 
coralline algae, despite significant reductions in cover, thus highlighting the complex roles some 
of these interactions can have and that more work incorporating species interactions will be needed 
to build more reliable predictions of future scenarios including OA and cumulative human impacts. 
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6.5 Future directions 
6.5.1 Reproduction and early development  
This thesis shows that irradiance and water flow are two important structuring forces, that can 
modulate the response of coralline algae to OA. In particular coralline recruitment exhibited 
increased vulnerability to lowered irradiance and reduced flow rates in interaction with OA. To 
identify whether the observed impacts on the number of recruits establishing are a result of direct 
or indirect effects as highlighted before, further detailed investigations will be needed. Future 
research should include experiments measuring spore output, density and number of reproductive 
structures as well as changes in the timing of sporulation in the parental generation. In conjunction 
with work following the developmental path of spores, early recruits and their establishment, this 
may elucidate the stages in life history that may be most affected by OA.  
 
New Zealand harbours high taxonomic diversity of coralline algae (Twist et al. 2019). While some 
species were found to have a wider geographic distribution in the country, many were only 
collected once or in a very restricted distributional range. Species composition and spore dispersal 
are important factors determining species ranges and community composition, but there is a lack 
of knowledge about spore dispersal range and population connectivity for coralline algae. Thus, it 
will be important to extend observations on the seasonality of coralline recruitment in Chapter 2 
to other sites and examine these patterns at a higher taxonomic resolution. Gaining insights into 
the reproductive window of individual species will allow to design experiments that more closely 
reflect the environment experienced by specific species and allow to identify species that are useful 
for multigenerational experiments (e.g. reproduce all year round, high growth rates). Cornwall et 
al. (2020) showed that the tropical coralline Hydrolithon reinboldii can gain tolerance to OA over as 
little as six generations. Thus, future work should also aim to include multigenerational work for 
species from this region and explore how other stressors and environmental forces shape 
outcomes in this context.  
Furthermore, it will be important to test the generality of these observations on a range of species 
as well as to continue and integrate the work at community and functional level. This may also 
help to conclusively differentiate the effects of species composition from effects of predisposition 
to environmental variability, such as the differences in growth from communities observed 
between the two depth strata. To better understand the potential impacts of changes resulting 
from OA on community level, a higher taxonomic resolution employing DNA based methods for 
reliable identification will be needed. The high diversity of morphologically similar coralline species 
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(Twist et al. 2019) in this region makes the exploration of the role of genetic and functional 
diversity particularly interesting. Understanding the role of abundant and rare species and their 
functional traits as well as their respective susceptibility to OA, will help to better predict the 
impacts resulting from climate change for this important algal group.  
 
6.5.2 Water flow & nutrients  
Despite tight links between calcification, photosynthesis and respiration to nitrogen and 
phosphorus metabolism (Turpin 1991; Comeau et al. 2013; Hurd et al. 2014) there is little known 
about nutrient requirements and nutrient limitation in coralline algae (but see: Nguyen et al. 2020). 
Nutrient limitation resulting from mass transfer limitation across the boundary layer has been 
thought of as a problem for tropical species growing in oligotrophic waters (Comeau and Cornwall 
2016; Comeau et al. 2019). However, results of Chapter 5 demonstrate that temperate coralline 
communities can suffer from net dissolution, increased bleaching, and lower net production likely 
induced by mass transfer limitation resulting from reduced flow rates under lowered seawater pH.  
 
Globally, nutrient loading in coastal water is closely linked to anthropogenic activities such as 
agriculture or wastewater disposal and terrestrial run off (Smith 2003; Thrush et al. 2004; 
Aufdenkampe et al. 2011). Increased periodic nutrient inputs resulting from terrestrial sources 
have been linked to declining coralline cover (Björk et al. 1995). However, experimental nutrient 
additions in situ have shown positive or no effects on the establishment of coralline communities 
in coral reef systems (Belliveau and Paul 2002; Burkepile and Hay 2009). Johnson and Carpenter 
(2018) examined the combined of increased nitrogen availability and lowered seawater pH on the 
tropical Porolithon cf. onkodes and found that reductions in growth resulting from exposure to OA 
were compensated for by increased nitrogen availability. Whether increased nutrient availability 
could help to buffer against OA in temperate systems needs to be tested.  
 
Nguyen et al. (2020) showed that nitrogen and phosphorus storage in an articulate coralline and a 
crustose coralline alga varied between seasons in response to the environmental availability of 
these nutrients. Furthermore, they found that the uptake rate as well as the soluble tissue nutrient 
content was different between the articulate coralline and the crustose coralline alga and attributed 
it to the difference in morphology of these coralline algae species.  
In macroalgae intracellular nutrient storage can help to bridge times of nutrient deficiency 
(Hanisak1979; Thomas and Harrison 1985; Chopin et al. 1989) and increased nutrient availability 
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can potentially help to buffer against OA (Johnson and Carpenter 2018).  To better understand 
the impacts of OA on coralline algae it will be important to further examine how nutrient storage 
and nutrient supply can affect their responses to this stressor through experimental manipulations. 
Examining the internal nutrient storage capabilities across a range of coralline growth forms may 
also help to identify functional and morphological traits in this diverse group that could help to 
explain their sensitivity to environmental stressors such as OA 
 
 
6.6 Concluding remarks 
This work shows that despite our increasing understanding of the vulnerability of coralline algae 
to OA, there are various interactions with abiotic factors that can modulate how coralline 
communities respond to this global stressor. Ultimately, these factors can determine the outcome 
of laboratory studies and thus limit their applicability in the field. Despite this, these advances help 
to understand and determine physiological processes and life stages that may benefit from local 
management strategies, such as improvement of the light climate. These strategies may help to 
buffer and build resilience in ecosystems and “buy some time” for global action to be taken. 
However, this should not distract from the fact that global action is needed to curb our emissions 
not only to protect coralline algae and the many functions they provide. Climate change in the 
ocean is a pervasive thread to most marine ecosystems and only climate change mitigation 
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Figure A1.1: Environmental data from 2 m and 10 m depth over five days in spring (21–25 November 
2016);  dotted line in the pHT plot presents the current, estimated mean for surface oceans (Jiang et al. 
2019). Lighter colour shades represent 2 m depth.  Red dots in pH plot mark high tide and green dots 
low tide. Black vertical lines mark sunrise and sunset Super imposed black lines for pH., Temperature, 


















Figure A2.1: (A) Spectrophotometrically measured seawater pH for each header between 4 April 2017 
January to 9 August 2018 (all measurements for experiments from Chapter three to five). Each header tank 
was sampled four times per day using a separate LabView® based auto-sampling system and dots represent 
daily means. (B) Measurements during the same period with Sensorex S150 polycarbonate pH probes in 












Figure A2.2 Correlation between spectrophotometrically measured seawater pH (Seawater pHT Spec) and 
Sensorex S150 polycarbonate pH probes controlled by controlled through Jumbo dTrans pH 02 industrial 








Table A2.1: Mean (±s.e.) change in coralline cover, bleached coralline cover (bleached) and other 




Figure A2.3: Box-whisker plot showing mean, 25 and 75 % quartiles (box), and 5 and 95 % quartiles 
(whiskers) and outlies (black dots) representing the available/ empty on plates assigned to the respective 










Figure A2.4: Box-whisker plot showing mean, 25 and 75 % quartiles (box), and 5 and 95 % quartiles 
(whiskers) and outlies (black dots) representing the available/ empty on plates assigned to the respective 




Figure A2.5: Effects of the combination of reduced seawater pH and light dose on photosynthetic 
paramters calculated from photosynthesis versus irradiance incubations. Treatments in each plot sharing 
the same letters are not statistically significant from each other. Letters indicate significant differences at 
p < 0.05. Depth was excluded from analysis due to a lack of sufficient replication, n = 6 with exception of 
treatments labelled with *, where n = 4; (Pmax = photosynthesis at light saturation [µmol O2 cm-1h-1], alpha = initial 










Table A3.1: Mean change number of recruits, means crus size and total cover measured at the end of the 




Recruits numbers and post-hoc 
Table A3.2: Results from likelihood ratio tests for the effects of pH and light dose on the number, 
average size, and total cover of coralline recruits at the end of the experiment.  
 
Fixed effects Df  χ2 P-value  
Number of recruits      
pH 1 24.46  < 0.001 *** 
Daily Light Dose 2 826.15 < 0.001 *** 
pH * Daily Light Dose 2 53.80 < 0.001 *** 
     
Average crust size     
pH 1 6.99 0.008 ** 
Daily Light Dose 2 25.34 < 0.001 *** 
pH * Daily Light Dose 2 0.43 0.806 n.s. 
     
     
Total cover     
pH 1 9.73 0.002 ** 
Daily Light Dose 2 43.27 < 0.001 *** 









Figure A4.1 Box-whisker plot showing mean, 25 and 75 % quartiles (box), and 5 and 95 % quartiles 
(whiskers) representing coralline growth for plates with > 29.8 % (yellow) and < 29.8 % (blue) of 







Table A4.1: Mean change in cover of established coralline algae communities, bleached coralline cover 










Table A4.2 Results from Tukey HSD post-hoc analysis on the effects of seawater pH and water flow on 


















Number of Recruits Total cover [%] 
pH 8.05 low pH pH 8.05 low pH 
mean   SE mean   SE mean   SE mean  SE 
slow 125 ± 38.00 72 ± 53.58 2.6 ± 1.38 1.0 ± 0.76 
medium 131 ± 31.60 61 ± 5.25 2.4 ± 1.13 2.2 ± 1.68 






Table A4.4: Results from Tukey HSD post-hoc analysis on the effects of seawater pH and water flow on 




















Figure A5.2: Theoretical growth in lateral and vertical direction of articulate (A, adapted from Johansen and 
Austin 1970; Fisher and Martone 2014) and crustose (B) coralline algae. Articulate coralline algae begin 
from a planar, linear extension until the first erect branches are formed and then surface area increases in 
form of the upright fonds. Growth seems indeterminate, supported by the growing basal stem, but likely 
restrained by drag and breakage from disturbance as indicated by the dotted lines(Fisher and Martone 2014). 
Crustose forms have indeterminate horizontal growth and determinate vertical growth, which may overtake 
horizonal expansion. The grey shaded area indicates the time, where horizontal extension represents largest 
contributor to growth, such as in the present studies.  
  
 
 
 
